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It is understood that grain boundary cavitation is one of the detrimental processes for the 
degradation of materials that reduces the creep-fatigue life at high temperatures. In 
a previous investigation, a model for life prediction under creep-fatigue conditions was 
proposed in terms of cavity nucleation and growth. In that model, the cavity nucleation 
factor (P) was introduced to correlate between the number of cavities and the plastic strain 
range from which athermal vacancies are generated. It was considered to be a material 
specific constant which was independent of the experimental conditions. However, in this 
study, it is found that the cavity nucleation factor is a function of the plastic strain range but 
is independent of the testing temperature at near 0.5 Tin. In the light of this dependency, 
a new cavity nucleation factor (P'), is introduced. Using this new cavity nucleation factor 
(P'), a modified equation for life prediction is proposed, and it is shown that there is good 
agreement between predicted and experimental lives. Additionally, an interesting approach 
has been made to find the physical meaning of the new cavity nucleation factor (P'). 
According to this study, it is suggested that the new cavity nucleation factor, which is 
regarded as a material specific constant, is found to be strongly related to the density of the 
grain boundary precipitates with a linear relationship existing between them. 

1. Introduction 
A high temperature low cycle fatigue experiment 
with a tensile hold time at the peak tensile strain 
(creep-fatigue interaction) is one of the tests for under- 
standing life limiting phenomena in many components 
used in power generation and aeronautics. In the 
study of creep-fatigue interaction, the quantification 
and prediction of fatigue lives are important. There- 
fore, it is important to have a reliable method for life 
prediction, and an understanding of the micro- 
mechanistic damage formation mechanism. Two mod- 
els have been suggested on the basis of micromechan- 
istic considerations for life prediction under combined 
creep-fatigue damage conditions. One model is pro- 
posed by Tomkins and Wareing [1] and the other is 
by Majumdar and Maiya [2]. The practical applica- 
tion of these models, however, is difficult since many of 
the various parameters and constants in the equations 
are not readily available. 

Recently, Hong and Nam [3] have proposed 
a model for the prediction of the fatigue life of a mater- 
ial, in which the creep cavitational damage is domi- 
nant under creep-fatigue cycling. They showed that 
the model could predict the  creep-fatigue life fairly 
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accurately if the failure is controlled by cavitation 
damage on grain boundaries rather than by a process 
of fatigue crack initiation and propagation. However, 
they could only use the data for several alloys over one 
or two strain ranges for checking the reliability of the 
model. Later on, when results from many more strain 
range tests became available the present investigators 
discovered that not all the predicted lives agreed with 
the test results. 

In this work, using the expanded experimental data 
base of several strain range and temperature tests, it is 
attempted to correct the deficiency in the model by 
characterizing the dependency on the plastic strain 
range of the cavity nucleation factor and to propose 
a modified equation for life prediction applicable to 
the creep-fatigue interaction. In addition we attempt 
to find a physical representation for the cavity nuclea- 
tion factor which is introduced to modify the model. 

2. A review of the existing model 
It is worthwhile to review the previous grain boundary 
cavity damage based model [3] for life prediction 
under low-cycle fatigue conditions with a hold time at 
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the tensile peak strain. It was assumed that mechan- 
ically generated vacancies form cavities during the 
tensile lamp of fatigue (fatigue effect) and then grow 
during the tensile hold time period (creep effect) there- 
by creating the creep-fatigue interaction. 

The model explained that vacancies were formed by 
plastic deformation during the fatigue cycle and clus- 
tered to form cavities on the grain boundaries. It was 
assumed that the number of cavities formed in a cycle 
was proportional to the plastic strain range. There- 
fore, the number of nucleated cavities during cyclic 
loading per unit area of grain boundary, n, was as- 
sumed to be 

n = P A % N  (1) 

where P, Aep and N were the cavity nucleation factor, 
the plastic strain range, and the number of cycles, 
respectively. 

These generated cavities were assumed to grow dur- 
ing the hold time period at the tensile peak strain by 
grain boundary diffusion of the vacancies. The 
Hull-Rimmer model 1-4] for diffusional growth of cav- 
ities at a grain boundary was incorporated into the 
model in order to provide a good approximation for 
the cavity growth, but the stress term of the original 
Hull-Rimmer equation had to be modified as a func- 
tion of hold time because of the load relaxation taking 
place during the tensile hold time in the creep-fatigue 
interaction. The equation is now formulated as; 

dA 2nSDg~(t) 
dt k Tl  

(2) 

where A was the cavitated area of a given cavity, I was 
the cavity spacing, Dg was the grain boundary diffus- 
ivity, f2 was the atomic volume, or(t) was the peak 
tensile stress relaxation t e rm during hold time, and 
k and T have their usual meanings. 

It was assumed that the same process was repeated 
throughout the fatigue cycling until the total cavitated 
area on the grain boundaries reached its critical value. 
The expression for the total cavitated area is given by; 

2 3 2 2n6Dgf~ ( 
A t = - P 3 / Z A g  / N 5 / 2  - -  cy(t)dt (3) 

5 ~ p ~" k T  30 
The failure due to the creep-fatigue interaction was 
assumed to be controlled by creep cavitational dam- 
age rather than by a process of fatigue crack initiation 
and propagation. At a critical number of cycles to 
failure (Nor), up to which the above mentioned pro- 
cesses were continuously taking place, it was assumed 
that the load carrying capacity was drastically re- 
duced by coalescence of grain boundary cavities and 
unstable crack growth was begun. Thus from EqUa- 
tion 3 the number of cycles to failure can be written as 

Xcr = C(PA%)_3/s  (exp(-TQg/RT) Jo('t ~y(t) dt~ -) -2/5 (4) 

where, 

']- 2 / 5  

c = \ 5-VZ  / 
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where Qg is the activation energy of grain boundary 
diffusion, P is the cavity nucleation factor and C is 
a constant including the critical cavitated area (At). In 
this equation, it was assumed that the creep-fatigue 
life was controlled solely by the cavitational damage 
and the failure occurred at the critical value of At. 
Therefore, At was regarded as a constant in the model. 
To obtain the critical value of At ,  the failure criterion 
had to be preferentially determined. In this model, it 
was assumed that failure occurred on cavity linkage 
when the radius of a cavity was equal to half of the 
spacing between the centre of cavities in its periodic 
array, a condition which was suggested by Raj a n d  
Ashby [5] and other investigators I-6, 7]. From this 
assumption for the failure criterion, the final value of 
A t was obtained to be 0.7854 as follows: 

n7 z l 
At - 12 - 0.7854, w h e n r = ~  (5) 

Taking the above result into consideration, the 
application of the life prediction method can be 
described as follows; from an experimental result at 
any condition (i.e. a specific temperature, strain range 
and tensile hold time) P in Equation 4 was obtained as 
a material-dependent constant in order to make the 
predicted and experimental lives the same. Using this 
calculated value of P, the creep-fatigue lives with 
other strain ranges and hold times were then cal- 
culated. 

This equation for life prediction was checked with 
other investigators' experimental results obtained 
over a limited range of strain conditions, and it was 
shown that the predicted creep-fatigue lives were in 
good agreement with the experimentally observed 
ones for AISI 304 and AISI 316 stainless steels over 
various hold time periods. However, the available 
data used for checking the reliability of the model was 
very limited, in that, creep-fatigue results over only 
one or two strain ranges were applied. Thus the use of 
this model in systems under different strain ranges will 
remain controversial until the model has been tested 
with considerable amount of data over several strain 
ranges. Therefore, in this paper, we check the reliabil- 
ity of the model over a wide range of strain range 
conditions, and attempt to modify the original model 
so that it is applicable to more general cases. 

3. Results and discussion 
3.1. Modified model for creep-fatigue 

life prediction 
Even though numerous test results for the creep- 
fatigue interaction have been published, only a limited 
number of data sets I-8, 9] could be used to calculate 
the predicted fatigue life from Equation 4, simply 
because only those data have the values of the stress 
relaxation during hold time which is used in the inte- 
gral term in the equation. 

Ermi and Moteff [8] performed creep-fatigue tests 
on AISI 304 stainless steel at 866K and Brinkman 
et al. [93 independently conducted tests on AISI 316 
stainless steel at 866K. Their creep-fatigue data are 



TABLE I Creep-fatigue test data for AISI 304 stainless steel 
tested at 866 K [8] 

A~ A% th j ~ dt No,p 
(%) (%) (min) (MPa sec) ~. 

• 1.68 1 15674.6 398 
1 

• 1.98 1.66 60 777846 112 
• 1.74 180 2164900 63 d 
• 0.70 1 13228.4 1748 7; 
• 0.72 10 117107 706 
• 0.99 0.72 60 671346 338 -- 
• 1.02 0.76 180 1871670 170 o 
• 0.29 1 9820.1 10406 
• 0.55 0.34 60 487171 1253 

13- 

Qg = 195 kJmo1-1 [13] 

TABLE II Creep-fatigue test data for AISI 316 stainless steel 
tested at 866 K [9] 

Ast Agp ta ~ ~ dt Noxp 
(%) (%) (min) (MPa sec) 

• 1.641 6 134011 71 
• 1.623 6 131282 115 
• 1.641 30 619147 57 
• 1.621 30 576966 64 
• 1.741 60 1063870 43 
• 1.691 309.6 4620900 25 
• 1.755 600 8514160 15 
• 0.602 6 101683 393 
• 0.592 6 114032 438 
• 0.98 0.655 30 523763 221 
• 0.727 300 3998340 84 
• 0.5 0.164 6 83430.5 1985 
• 0.5 0.209 30 390828 1050 

Qg = 187kJmol 1 [13] 

shown in Tables I and II, respectively. Only these data 
sets are known to contain all the information we 
require. 

Fig. 1 shows a comparison between the experi- 
mental lives obtained from the creep-fatigue test 
results of Ermi and Moteff [8] on AISI 304 stainless 
steel and the predicted lives calculated from Equation 
4. In this case, the cavity nucleation factor, P, in 
Equation 4 is calculated so as to make the predicted 
and experimental lives the same for a given test condi- 
tion of the total strain range of _+ 1.0% at a tensile 
hold time of 10 rain. Using this calculated value of P, 
the fatigue lives of all the other experimental condi- 
tions could be calculated and be compared with the 
experimentally measured equivalen t fatigue lives. 

From Fig. 1, the differences between the predicted 
lives and the experimentally measured lives can be 
observed, and the trend in the deviation is very dis- 
tinctive. Regardless of any variation in the hold time, 
for the same strain range it is found that the predicted 
lives are in reasonable agreement with the experi- 
mental lives. As can be seen a systematic deviation 
marked by the dotted lines in the Fig. 1, exists, if the 
strain range differs from that of the reference condi- 
tion (i.e. the strain range which is used to calculate the 
value of P). If the strain range is greater than the 
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Figure i Comparison between predicted lives calculated from 
Equation 4 and experimental lives of AISI 304 stainless steel by 
EiTni and Moteff [8]. The data were taken at 866K and 
(�9 At, = • 2,0%, (O) Ast = • 1.0% and (A) Act = 0.5%. 
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Figure2 Comparison between predicted lives calculated from 
Equation 4 and experimental lives of AISI 316 stainless steel by 
Brinkman et al. [93. The data were taken at 866K and 
(O) Ast = • 2.0%, (O) As, = • 1.0% and (A) A~t = _+ 0.5%. 

reference condition then an overestimation of life pre- 
diction is observed whilst if it is smaller, then an 
underestimation is observed. Of interest is the obser- 
vation that a graph of the deviations in the predicted 
life shows that they tend to be parallel straight lines. 
To see if this is a general phenomenon, the results of 
creep-fatigue tests obtained by Brinkman et al. [9] in 
316 stainless steel are used for comparison purposes. 
The reference experimental condition used to calcu- 
late the value of the cavity nucleation factor, P, is 
a total strain range of _+ 1.0% and a tensile hold time 
of 300 min. As shown in Fig. 2, a similar consistent 
deviation for the predicted lives is also observed for 
this alloy. 
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Figure 3 Variation of cavity nucleation factor with plastic strain 
range in AISI 304 stainless steel by Ermi and Moteff [8]. 

F rom the above analysis, it is clear that this phe- 
nomenon in the deviation behaviour is due to a failing 
in the model. Therefore, to predict the fatigue life more 
reliably, Equation 4 of the model must be corrected. 

To find the reason for the deviation with strain 
range of the predicted life, the dependency on the 
strain range of each term in Equation 4 has to be 
considered. In Equation 4, those terms obtained ex- 
perimentally (i.e. plastic strain range, temperature and 
integration of stress relaxation) and other constant 
terms (i.e. activation' energy for grain boundary  diffu- 
sion and gas constant) are not related to the plastic 
strain range but fixed values. As has already been seen 
from Figs 1 and 2 the cavity nucleation factor, P, in 
Equation 4 is assumed to be the only term which may 
vary depending on the strain range. To observe any 
possible dependence of the cavity nucleation factor on 
the strain range, the values of P are recalculated to 
make the predicted lives equal to the experimental 
lives for all the data. Figs 3 and 4 indicate the vari- 
ation in the values of P with plastic strain range in 
AISI 304 and 316 stainless steels, respectively. F rom 
these figures one can see that the value of P is strongly 
dependent on the plastic strain range, i.e. as the plastic 
strain range increased, the calculated values of P in- 
creased. And a linear relationship between them is 
obtained in a log-log plot. As a result, it is found that 
the cavity nucleation factor, which has been con- 
sidered as a material constant, is no longer a material 
constant but depends on the plastic strain range. 
Therefore, the previously suggested cavity nucleation 
factor in Equation 1 must be modified as a function o f  
the plastic strain range, i.e., 

p t i n '  = P �9 Aap (6) 

where P '  is a new cavity nucleation factor regarded as 
a real material constant and m', whose value indicates 
the degree of dependency on the plastic strain range of 
P, is a slope in Figs 3 and 4. 

Substituting Equation 6 into Equation 1, the num- 
ber of cavities in a cycle can be represented by the 

4960 

v 

O 

0~ 
o 

t -  

# 
> 

3 

1013 

1 0  ~2 

1011 

0 

0 

[ 3  ~ 

I i i i v ~ i i I i 

113 3 10 -2 
Plastic strain range (mm/mm) 

Figure 4 Variation of cavity nucleation factor with plastic strain 
range in AISI 316 stainless steel by Brinkman et al. [9]. 
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Figure5 Comparison between predicted lives calculated from 
Equation 8 and experimental lives for AISI 304 stainless steel by 
Ermi and Moteff [8]. The data was recorded at 866 K and 
(�9 Ast = _4- 2.0%, ([~) Aat = +_ 1.0% and (A) A~t = 4- 0.5%. 

equation 

n = P 'As~ .N  (7) 

where m = m ' +  1. Using this expression, one may 
obtain the new equat ion for life prediction in terms of 
the new cavity nucleation factor, P' ,  

Ncr = C(P'Aep)- 3/s { exp( - -Qg /RT)  Jo (Y(t) dt} -2/5 

(8) 

where C is a constant whose value is represented by 
Equation 4. 

Using the results of the fatigue tests and the para-  
meters in Equation 6, a comparison between the pre- 
dicted and the experimental lives is conducted and the 
results are shown in Figs 5 and 6 for AISI 304 and 316 
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Figure6 Comparison between predicted lives calculated from 
Equation 8 and experimental lives for AISI 316 stainless steel by 
Brinkman et al. [9]. The data was recorded at 866 K with; 
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stainless steels [8, 9], respectively. The predicted lives 
are found to be in good agreement with the experi- 
mental ones. This excellent agreement between the 
predicted and observed fatigue lives over the several 
strain range tests strongly suggests that the corrected 
model of the cavitation damage during fatigue is be- 
lieved to be physically feasible and is accepted as 
a general expression. 

3.2. Temperature dependence of the cavity 
nucleation factor 

In the previous section, the creep-fatigue test results 
obtained at only one temperature were used to con- 
sider the dependence of the cavity nucleation factor on 
the strain range. However, since it is known that the 

temperature is one of the important factors that affect 
the fatigue life, one needs to know whether the cavity 
nucleation factor in this model is also affected by the 
temperature. Therefore, it is necessary to check the 
dependence of cavity nucleation factor on the temper- 
ature. 

The data used to check the temperature effect are 
the creep-fatigue results for AISI 304 stainless steel at 
823, 873 and 898 K conducted in our laboratory. This 
alloy is damaged by grain boundary cavitation under 
the creep-fatigue interaction condition [10]. Jaske 
et al [11] performed the creep-fatigue test on Incoloy 
800 at 811 and 922K. Incoloy 800 is a high Ni- 
containing austenitic stainless steel, in which the main 
damage under creep-fatigue loading condition is also 
grain boundary cavitation as classified by Ostergren 
[12]. Thus, it is valid to use the test results of Incoloy 
800 to check the reliability of this model. From the 
above considerations, two sets of data are used to 
check the temperature dependence of the cavity nu- 
cleation factor, and those data are listed in Tables III 
and IV for AISI 304 stainless steel and Incoloy 800 
[11], respectively. 

Fig. 7 shows the Comparison between the experi- 
mental lives obtained from the creep-fatigue test re- 
sults for AISI 304 stainless steel by the authors and the 
predicted lives calculated from Equation 4. Regardless 
of the temperature variation, for a similar plastic 
strain range it is found that the predicted lives agree 
reasonably with the experimental lives. As described 
in the previous section, the deviation of the predicted 
lives against the experimental lives is caused by a dif- 
ference of the plastic strain range. Fig. 8 shows the 
dependence of the cavity nucleation factor on the 
plastic strain range for AISI 304 stainless steel. In this 
figure, it can be found that the cavity nucleation factor 
does not depend on the temperature, but only depends 
on the plastic strain range. 

Similar results can be obtained forIncoloy 800 [11]. 
As shown in Figs 9 and 10, the deviation of the 
predicted lives against the experimental lives is also 

TABLE III  Creep-fatigue test data for AISI 304 stainless steel 

Temperature A~t Aep th S ~ dt Nexp 
(%) (%) (rain) (MPa sec) 

• 1.641 10 180040 556 
823K • 1.688 30 566080 357 

• 1.714 60 1167200 261 

873K 

• 2.0 2.03 10 127530 310 
• 15 1.14 10 98875 600 
• 0.89 10 90955 700 
• 0.63 10 81009 1100 
• 2.0 2.05 30 388010 174 
• 0.98 30 217100 498 
• 0.68 30 208700 796 
• 2.0 2.06 60 899957 140 

• 2.226 10 101180 222 
898K • 2.310 30 318600 145 

• 2.330 60 792500 97 

Qg = 195 kJmo1-1 [13] 
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T A B L E  IV Creep-fatigue test data for Incoloy 800 stainless steel [1t]  

Temperature A8 t ASp th S ~ dt N~xp 
(%) (%) (rain) (MPa se~ 

811 K • 1.59 10 222367 464 
• 2.24 1.71 10 205410 412 
• 0.19 10 186168 5400 
• 2.39 1.80 60 1738230 202 
• 2.38 1.82 60 1430840 205 
• 1.90 300 8096740 66 

922K • 2.00 1.55 10 129837 128 
• 0.29 10 137777 980 
• 0.34 1 0  137114 850 
• 2.39 1.98 60 1010240 49 
• 2.01 60 869830 50 
• 0.53 0.38 60 584115 310 
• 2.37 1.96 300 4262140 40 

(?g = 179.9 kJmo1-1 r13] 

g- 
~5 
d 
z v 

"O 

"cJ 

13_ 

2 

103 
9 
8 
7 
6 

5 

102 
9 
8 

< 
A "/ 

10 /'{0-" , , '10 

, /60 
10 �9 7 6 0  

3 0 3 0 r " l /  

j 
i i I i r i r I t 

8 9 1 0 2  2 3 4 5 6 7 8 9 1 0 3  

Experimental life (No. of cycles) 

Figure 7 Comparison between predicted lives calculated from 
Equation 4 and experimental lives for AISI 304 stainless steel. The 
data was recorded at (1~) 823 K, ([2]) 873 K and (Ill) 898 K with 
(E~) Aat = _+ 2.0%, (�9 A~, = • 1.5% and (A) A~, = _ 1.0%. 

a result of the dependence of the cavity nucleation 
factor on the plastic strain range in this alloy. The 
effect of temperature on the cavity nucleation factor is 
added to the temperature-induced change in the plas- 
tic strain range. 

Using the new cavity nucleation factor, P', a com- 
parison of the predicted lives with the experimental 
lives are shown in Figs. 11 and 12 for AISI 304 stain- 
less steel and Incoloy 800, respectively. The predicted 
results are found to be be in good agreement with the 
experimental ones. 

From the above considerations, it may be suggested 
that the cavity nucleation factor is only a function of 
the plastic strain range, and the effect of temperature is 
reflected by the change of plastic strain range induced 
by the temperature. That is, the cavity nucleation 
factor does not depend on the temperature itself at 
near 0.5 Tm. 
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Figure 8 Variation of the cavity nucleation factor with plastic strain 
range for AISI 304 stainless steel. The data was recorded at ([]) 
823 K, (rq) 873 K and (ll) 898 K. 

3.3. N e w  cavi ty nuc leat ion factor  as a 
mater ia l  cons tan t  

It is generally believed that cavities are nucleated at 
geometrical irregularities on the grain boundaries 
where high stress concentration can be developed. In 
austenitic stainless steels the potential sites of stress 
concentration are the second-phase particles ( M 2 3 C  6 

type Cr-rich carbides) precipitated on the grain 
boundaries during ageing treatment [10]. 

On the basis of the previously mentioned results, 
it can be assumed that the new cavity nucleation 
factor, P', is associated with the grain boundary pre- 
cipitates acting as cavity nucleation sites. Therefore, 
the value of P' may have some specific physical char- 
acteristics which are represented by the number, dis- 
tribution, size and/or kind of the grain boundary pre- 
cipitates. 

The purpose of this section is to discuss a physical 
meaning of the new cavity nucleation factor. In 
particular, an attempt has been made to find a 
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Figure 10 Variation of the cavity nucleation factor with plastic 
strain range for Incoloy 800 stainless steel by Jaske et al. [11]. The 
data were recorded at (~) 811 K and (O) 922 K. 

relationship between P' and the distribution of grain 
boundary precipitates. 

In recent investigations, the authors of this paper 
reported that the addition of phosphorus to AISI 
304L stainless steel is beneficial for the creep-fatigue 
life 1-14, 15]. In that work, they found out that phos- 
phorus segregated on the grain boundary during solu- 
tion treatment, that it retards grain boundary diffu- 
sion, and thus the precipitation of grain boundary 
carbides during ageing treatment is hindered. As the 
content of phosphorus is increased, the density of 
grain boundary carbides is found to be decreased. 
Therefore, these results can be used as an appropriate 
explanation of the relationship between P' and the 
characteristics of grain boundary precipitates. 
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Figure 12 Comparison between predicted lives calculated from 
Equation 8 and experimental lives for Incoloy 800 by Jaske et al. 
[11]. The data were recorded at; (A) 811 K, (O) 922K, (AO) 
A~t = _+ 2.24-2.43% and (Am) A~t = _+ 0.53-0.54%. 

Three experimental annealings of AISI 304L stain- 
less steels which are based on a commercial grade type 
were produced in an induction furnace with the chem- 
ical compositions shown in Table V. For brevity, the 
three annealings will hereafter be called CSS, PSS1 
and PSS2, respectively. The specimen preparation and 
creep-fatigue test procedures are given in detail else- 
where [14]. The specimens were solutionized at 
1373K for lh and aged at 1033K for 50h to allow the 
formation of a well defined grain boundary carbide 
that was stable during the subsequent experiments. 

The typical grain boundary carbide morphologies 
of the heat treated CSS, PSS1 and PSS2 are shown in 
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T A B L E  V Chemical composit ion of commercial and P-doped type 304L stainless steels 

Material C Si M n  P S Cr Mo Ni Fe 
wt % wt % wt % wt % wt % wt % wt % wt % wt % 

CSS 0.026 0.32 1.16 0.028 0.018 18.09 0.42 9.3 bal 
PSS1 0.029 0.30 1.10 0.090 0.020 18.00 0.40 9.3 bal 
PSS2 0.029 0.30 1.I0 0.209 0.020 18.00 0.39 9.2 bal 
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i r I r r F i i 

10 2 10 3 

Creep- fa t igue l ife 

Figure 14 Coff in-Manson plot for three different AISI 304L stain- 
less steels with tensile hold time of 10 rain. The steels are; (O) CSS, 
([~)PSS 1 and (A)PSS2. The other conditions are T = 823 K, 
& = 30 rain, & = 4 x 10- 3 s-1  and an argon atmosphere.  

Figure 13 SEM micrographs showing the distribution of grain 
boundary  carbides for three different AISI 304L stainless steels; (a) 
CSS (b) PSS1 (c) PSS2. 

Fig. 13. From these illustrations one can easily and 
definitely see that as the content of phosphorus 
is increased, the density of carbides is decreased. 
To quantify the distribution of the grain boundary 
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carbides, the linear density of the carbide was meas- 
ured by an image analyser. 

In this section, the creep-fatigue test results of the 
three different phosphorus-containing alloys are 
briefly discussed. Some of these results have been 
previously published by the present authors [14, 15] 
and the others have been conducted especially for this 
study. 

Fig. 14 shows the creep-fatigue lives of the three 
heats at various plastic strain values with a 30 rain 
tensile hold time (i.e. a Coffin-Manson plot). From 
these results the interesting fact is observed, that the 
life under creep-fatigue condition over a wide range of 
plastic strain values increases with increasing content 
of phosphorus. 

From the observation of the segregation of the 
phosphorus by Auger electron spectroscopy (AES) 
and LNT fractured surface of the creep-fatigue tested 
specimen, we could conclude that the phosphorus 
reduces the number of nucleated cavities by a reduc- 
tion of the density of grain boundary carbides. That is, 
as shown in Fig. 13, the segregated phosphorus on the 
grain boundary reduces the number of carbides, which 
are precipitated during the ageing treatment and act 
as a cavity nucleation site. This reduction in the num- 
ber of cavity nucleation sites results in the increase of 
creep-fatigue life. 

Using the results of the creep-fatigue test shown in 
Fig. 14 and Table VI, the values of the cavity nuclea- 
tion factor (P) are calculated to show that the cavity 



T A B L E  VI Creep-fatigue test data for commercial and P-doped 1.4 x 1012 
304L stainless steel tested at 823 K 

Material Aat (%) A% (%) " ~ cy dt (MPa sec) N, xp 

CSS -t- 2.5 2.685 519690 158 
_+ 2.0 1.900 457140 221 
4- 1.5 1.218 390435 365 

PSS1 +_ 2.5 2.625 569160 192 
4- 2.0 1.860 523440 255 
-t- 1.5 0.978 444705 513 

PSS2 +_ 2.5 2.040 654870 279 
-t- 2.0 1.460 606090 410 
_+ 1.5 0.690 528510 827 
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Figure 15 Variation of the cavity nucleation factor with plastic 
strain range for three different AISI 304L stainless steels; (O) CSS, 
([~) PSS1 and (A)PSS2. The other conditions were T = 823 K, 
th = 30 min, in an argon atmosphere. 

T A B L E  VII  The calculated parameters and linear density of 
grain boundary carbides 

Linear density of P' m' 
G.B. ppt ( m  -1) x l 0  s xl011 

CSS 5.446 11.17 0.529 
PSS1 3.010 7.526 0.511 
PSS2 5.264 5.207 0.522 

nucleation factor for the three heats also depends 
on the plastic strain range. These results are shown 
in Fig. 15. 

The calculated value of P' and the linear density of 
grain boundary precipitates for the three materials are 
shown in Table VII. The value of P' and the linear 
density of grain boundary precipitates are simulta- 
neously decreased with increasing phosphorus 
content. From these data, we obtain a relationship 
between the value of P' and the distribution of grai n 
boundary precipitates. As shown in Fig. 16, P' is found 
to be closely related with the density of grain bound- 
ary precipitates giving a linear relationship between 
them. 
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Linear dens i ty  o f  G.B. carbides 

Figure [6 Relationship between the linear density of grain bound- 
ary carbides and new cavity nucleation factor, P'. 

Thus, it is reasonable to conclude that the new 
cavity nucleation factor, P', is a material constant, 
which is associated with the characteristics of grain 
boundary precipitates. The significant meaning of this 
analysis is that the creep-fatigue life can be predicted 
by measuring the value ofP' of a material, that is, if the 
P' can be obtained from the characteristics of the grain 
boundaries of a given material, then the creep-fatigue 
life can be easily predicted by use of the proposed 
equation without fatigue tests. 

4. Conclusions 
As a result of the phenomenological analysis discussed 
in this paper, important conclusions are made about 
the characteristic properties of the cavity nucleation 
factor; 
(1) The cavity nucleation factor (P) introduced as 
a material constant in the previous model is found to 
be a function of the plastic strain range, but is indepen- 
dent of the testing temperature at near 0.5 Tm. 

(2) Considering this dependency, a new cavity nuclea- 
tion factor, P', is suggested and it is found to be a real 
material specific constant. Using this new factor 
a modified equation for creep-fatigue life prediction is 
proposed. The modified equation shows very good 
agreement between the predicted and experimental 
lives. 
(3) The new cavity nucleation factor, P', which is 
newly regarded as a material specific constant, is 
found to be closely related with the density of grain 
boundary precipitates. 
(4) If the generalized relationship between the value of 
P' and the characteristics of grain boundary precipi- 
tates of a given material 'are known, the creep fatigue 
life can be predicted by measuring the density of grain 
boundary precipitates of a material. 
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