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ABSTRACT

Correlation between metallographical parameter "4" and the probability by which cavities on a
grain boundary facet is cut by the observation plane is described. By means of an approximate
probability analysis, this probability is interrelaied to the cavity area fraciion and to the cavity
number on the cavitating facet. By identifying the average cavity area fraction with the damage
variable D of Kachanov-Rabotnov creep damage theory, three different relations between A
and D are derived. The resulting equations are compared with each other, as well as with another
model, based cn the experimenial results reported in literatures. Further improvements of the
new model and their limitations are elucidated. The application of the proposed relations between
A and D are also discussed.

1. INTRODUCTICN

Continuum Damage Mechanics (CDM) has originated from the mechanical description of the
britile rupture observed in creep damage, and its promise in the applicability to the engineering
practice of design and life prediciion of high temperature structures has been advocated for long
time. However, in contrast {0 the success of CDM in the field of geological material and civil
engineering, CDM has only limited success in creep, creep-fatigue and fatigue of structural
components. The difficulty of CDM as an engineering approach to these problems may consists
in the description of damage siate in terms of proper mechanical variables as well as in the
formulation of the proper evolution equations of the damage variables.

Grain boundary (G.B.) cavities related to creep is one of the most imporiant failure
mechanisms occurring in components of high temperature nuclear structures as well as in that
of fossil fuel cleciricity power plants. Among several metallographic parameters proposed for
quantitative evaluation of the creep damage due (o cavity formation, A-parameter (the number
fraction of cavitating grain boundary facets) recommended by CEGB, EPA and EPRI {Cane And
Shammas, 1984; Shammas, 1987) has proved itself a poiential creep damage parameter. Some
theoretical models have been develcped to correlate 4-parameter with damage variables in
continuum damage mechanics, and the corresponding formulas of lifeiime prediction have been
also derived (Shammas, 1987; Riedel, 1989). The models proposed so far to correlate 4—
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parameter and damage variables are all based on the assumption that a cavitating facet behaves
as a microcrack of the same geometry as the facet even for small cavity area fraction on that
facet. By use of this model the relations of A=D or Aep were developed in literatures
{(Shammas, 1987; Riedel, 1989), where I» is Kachanov damage variable and p is a damage
variable defined by volume density of microcracks (i.e. cavitating facets). However, as
mentioned by Riedel(1989), some uncertainties are associated with these models, i.e. 1) there
might be some cavitating facets not counted when measuring A-parameter, if no cavity in these
facets is cut by the metallographic section, and 2) it cannot be confirmed whether all the G.B.
facets counted are the constrained cavitation facets or not.

In this paper, A-parameter will be comrelated to the probability in which cavities on a G.B.
facet is cut by the metallographic plane. Firstly, through a simple probability analysis, this
probability is interrelated to the cavity area fraction @ on the cavitated G.B. facet and to the
cavity number m on the facef.

Then, by identifying the average Observation

cavity area fraction in the material " Plane

with the damage variable D, three
different relations between 4 and
L are derived, comesponding fo
different assumptions on the cavity
nucleation and growth processes.
Some limitations and possible
further developments of the models
are discussed through the
comparisons  with  experimental
results and Riedel{1989)'s model.
Finally, the implications of
proposed correlation between A-
parameter and damage variable D
are also discussed with respect to
the determination of more preper
damage evolution equation.

_~ Grain

T~ Cayity

2. PROBABILITY ANALYSIS

According to  the engincering
definition of A-parameter, 4 is the
number fraction of cavitating grain
boundary facets!, where
"cavitating grain boundary” implies
the grain boundary with cavities
observed in the metallographical
plane. However, there may be

Fig. 1 Grain Boundary Facet Cut by
a Observation Plane

I In this paper, the "G.B. facet" or "facet” refer only 1o those grain boundary facet, which are normal or
approximaiely normal to the direction of applied siress.
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some facets which are really cavitated bui camuot be counied as "cavitating” facets in the
procedure, as the facet a—b—c~d shown in Fig. 1(a) and (¢} (where grain is assumed to be cubic
for the sake of simplicity), For a facet a~b—c—d, whether a line e—f will intersect the cavities
or not is clearly a problem of probability. Now let's denote P as the probability for an arbitrary
line (like e~f in Fig. 1) to intersect the cavities on a facet, which is obviously related o the
shape and size of facets and cavities etc.. For the sake of simplicity, in following analyses, all
the facets will be supposed to have the same shape and size and all the cavitated facet have the
same number of cavities with the identical radius r on it, as shown in the Fig. 2(a). Thus, we

Cut Plane (line)

Fig. 2 (a) Grain Boundary Facet with m Cavities on It (¢)
(b) Upper Limit for 7 P=m(2r)/(2R})
(¢) Lower Limit for P; P=2r/(2R )

can consider the A-measuring process as a process of finding the probability for an arbitrary line
(e-1) 1w cut the same G.B. facet as in Fig. 2(a), and following relation can be easily obtained,

P - Numbers of cavisy cut evenis - _Aﬁ 0
Numbers of probability test N,

where N, is the numbers of faceis with cavities observed in the metallographical plane (i.c. ihe
number of "cavitating” G.B facet in A-measuring approach), and N, is the real numbers of
cavitating facets, If we represent the total numbers of G.B. facets counted in the measurement
by Ny and the cavitated facet fraction in the material by f, N can be defermined as

M, o= FN, 2)

According to the engineering definition of A-parameter and using the above notations, we have
the relation
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A= fP {4

From this equation, it will be observed that, if P is taken as 1.0 one will get A =f justas in
the previous worlks (Cane and Shammas, 1984). However, accerding io Fig. 2(a), this siiuation
occurs only when the facet area is almost totally occupied by cavities (i.e., immediaiely before
the final rupture stage). In the present paper, both f and P shall be considered as variables that
are related to the cavity nucleation and growth in material.

From Fig. 2(b),(c), the probability  for an arbitrary line e~f to iniersect cavities is equal io
the ratio of iotal length of shadow lines to that of line D-X. An exact analysis of this
probability problem is noi pursued here, but the upper and lower limit cases are shown in Fig.
2(b),(c). Using the definition of cavity area fraction on a facei

@ = m{nriYifacer area)

together with some simple geomeiric relations between the facet area and £ and R, in the Fig.2,
onc can easily obfained ihe relation
. 4
P = gyma 3}

where e Is the cavity number on a cavitated facef, w the cavity area fraction on the facet, and
& = 0.368 for upper limit and & = 0.318/m for lower limit (Sugita, Liv and Murakami, 1991).
Generally speaking, we can expect that the cavities are well separated and randomly distributed
on a G.B. facet belore w increase sufficiently large, so the upper limit case in the Fig. 2(b) is
supposed more reasonable than the lower limit case in Fig. 2(c). In the following discussions,
the upper limit i exclusively used and « in Eq. (5) will be iaken as a constant.

3. A-Parameter and Kachanov-Rabotnov Damage Variable

Foliowing the idea of effective area (or effective stress) in the cieep damage theory of
Kachanov(19528) and Raboinov(1969) (K~R), the damage variable D can be related to the cavity
area fraction . If we represent the cavity area fraction on a G.B. facet by @, we can have the
relation

D= fw (6

where w and D can be interpreted as the local and the average damage variable, respectively.
From this equation and the definition of o, we have

| =

=

Ve (72)

D=Ffw=mf(l

8

el

where 7 is the (average) cavity radius and R is the average G.B. facet size. Fgs. (4} and (5), on
the other hand, vield the relation



A =g fifme =@xmf% (8a)

Noting m-f in above equations is the average cavity number per facet in the material, we
represent it by a notation
M =m f

then Eqs. (7a) and (8a) can be rewritten as follows

D =M %}2 (75)
A=a M é (8b)

Clearly M and r/R are related to cavity nucleation and growth respectively. Using different
assumptions for the nucleation and growth processes, these equations will lead to different
relations between A and D.

T M is supposed as a constant and the damage development is cnly due to the increase of /R,
climination of /R from Eqgs. (7b} and (8b) will yield

A= € 1@ (9)

where ¢; = av{ is a new constani; ie., 4 is proportional to VD which has been derived by
present authors in previcus paper (Sugita, Liu and Murakami, 1991). In this case, creep damage
is controlled by cavity growth aloue, and cavity nucleation is supposed to be completed at the
instant of loading.

If /R is supposed as a constant and damage is only due to the increase of i or, increase of
m and f, onc obtains from Egs. (7b) and (8b)

A=c, D {10)

where ¢, = o-7/R is another constant. Namely 4 is proportional to £ which has been applied in
previous researches (Cane and Shammas, 1987; Sakurai et al, 1990). In this case creep darnage
is controlled by the cavity nucleation alone, which implies that the cavities will grow no longer
after they nucleate with an initial size T

For most engineering alloys employed at high temperature, cavitics has been observed 0
nucleate continuously, as well as to grow. Thus, more reasonable relation between 4 and 7 is
required. Since the theories of cavity nucleation have not been entirely successful in deseribing
the observed behaviors, the empirical eguation proposed by Dyson(1983) has been widely
applied (Riedel, 1985; Wilkinson, 1987). Dyson's equation is based on exiensive experimential
data, and suggests, for most engineering alloys, the nucleation rates of cavities is proportional
i0 macroscopic creep strain. If the initial density of cavities is neglected, Dyson's equation can
be written as

o= et (11)

where n and 2° are the average cavity number per umit area of G.B facets and the MacIoscopic



creep strain, and B is the material constant. By use of this equation, we obtain the average
cavity number per facet in materfal, M as follow

M = n(nRY = Pe(nR? (12)

where R is the average arca of facets. Substituting Bq. (12) into Egs. (7b) and (8b), and
eliminating #/R from the resulting equation, we have

A = ¢y yfeD (13)

where ¢3 = o RV(fir) is a constant. In view of Eq. (11), concerning the influences of continuous
nucleation, this equation show that A-parameter will depend on both damage variable D and
macroscopic strain &,

By using different assumptions on cavity nucleation and growth, we have derived three
different relations, Eqgs. (9), (10) and (13} between A-parameter and damage variable 5. In order
io compare these equations with the experimental data seported in the form of 4-parameter
versus lifetime fraction #/#, theoretical relations between ¢© and ift; and ihat between D and 7N
are required further.

By neglecting the primary creep, Kachanov and Rabotnov theory provides the uniaxial relations
of cregp—damage coupling

2% = B (—— W 14

H o
g+l (1-D)*

where B, N, i, p and q are material constanis. After integrating these equations, the closed form
sclutions for damage and creep strain can be obtained as follows

D =

(15)

A-1
D=1~ (1-fty™ (16)
e = e, [1- (1-f2)"] 7

where f; = (HoPy! is failure time, and A=e, [C, ihe ratio of failure creep strain g to the
secondary Monkman-Grant strain C = Bo™ ;.

Substituting Egs. (16} and (17) into Eqs. {9), (10}, {13), and noting that 4 will take its critical
value A, when ¢ tends 0 ¢, we have the following three equations for the situations where
damage is controlled by cavity growth alone, by cavity nucleation alome, and by both
respsctively:

-1
A A1
*{A—')Z = 1*(1“5/@1;} A (18}
Al
£ = 1=t = (19)

or
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Fig. 4 A-Parameter vs Life Fraction t/ty, Comparisons among
Eq. (18}, (19), (20) and the Test Resulis of
Cr-Mo-V Steel from Sakurai et al.(1990)
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In Figs. 3 and 4, these theoretical curves are compared with the test resulis of two engineering
atloys reported in the literatures. Fig, 3 shows the comparisons of Egs. (18), (19} and (20} with
the test results of 1Cr-1/2Mo sieel given by Shammas(1988), where A = 1.5 and n = 3.0 are
also taken from the same literature. The eriiical value A o i faken as the maximum value of
measured 4-parameter, i.e. 4,=0.55, Fig. 4 show the comparisons of the above relations with
the test results of Cr-Mo—V totor sieel (Sakurai et al, 1990) where A = 1.28 and # = 4.0 has
been reported by the same authors. For this maierial, A__ = 0.26 is used as critical A-parameter
A, From Fige. 3 and 4 it will be observed that

max

1) In the case of cavity growth conirel, ihe theoretical curve of Eq, (18) gives the largesi values
of A—parameter among others and is also closest to the test data, especially at the later stage of
the lifetime, for both materials. However, in the incipient period of lifetime, the tendency of the
curve of Eq. (18) doesn't agree with the fest resulss.

2) In the case of nucleation control, on the other hand, Eg. (19) gives the lowest values of the
predicted results. The curve departs from the test dafa as lifeiime increase and the discrepancy
becomes considerable in the later period for both materials. A possible explanation for this
discrepancy is that, if the creep damage is really controlled anly by cavity nucleation (ie., by
the increase of cavity numibers), I versus i, relation of Eq. (16} will be no more appropriaie
for this situation. It is obvicus that the stress—conirolled damage equation of K~R theory is noi
proper for describing the strain—controlled cavity nucleation. A more reasonable equation for
strain—controlled damage has been developed by Riedel{1988), and the derived results between
A and ¢/¢; using this equation will be discussed later.

3) Finally, the equation (20), which is similar to Eg. (18) since 4 is proportional o v instead
of D, and gives the more reasonable correlation with the test resulis than boih Bgs. (18} and
(19). In the initial pericd of lifetime, Eq. (20) predicts correct tendency of test data because the
influences cf continuous nucleation has been faken into consideration. Tn the laier stage of
lifetime, it is very close io the curve of Bq. (18) so is closer to tesi data poinis than Eq.(19).

Based on the micromechanics model of constrained cavity growth (Dyson, 1976; Rice, 1981;
Huichinson, 1982), Riedel(1985) has shown that the consitained cavitaiing facets behave
mechanically like microcracks since the local siresses applied on ihe facets will be greatly
relaxed as the cavity area fraction w on the facet increases. The volume density p of cavitaied
facets (or microcracks) has been suggested s an appropriate damage variable by Riedel(1989).
He showed also that this variable is proportional to metallographic parameter A, although there
were some unceriainties related to the cavitating facets with no caviiies on them being cut by
the observed plane, as discussed before. Riedel has suggested a creep—sivain—conirolled evolution
equation for damage variable p. Combined with a comstitutive model propossd by
Hutchinson(1982) for a creeping maierial containing a dilute concentration of penny-shaped
microcracks, Riedel{1989) derived an equaiion relating 4 and p. Using presens donations, this
relation can be expressed as follows

¢ A o v, A
= = MM - D @1)
er Acr Acr



Fig. 5 and Fig. & show the comparisons of the sbove equaiion with present model of Eq.(20),
which has included the influences of continuous nucleation. The fest results of Sharemas(1988)
and Szkural ¢t al.(1990) are alsc included in the figures. As shown in the figures, in the initial
period of lifeiime, Riedel's modsl gives lower values of predicted A-parameter than present
model, but the larger values in the later period.

As tegards Eq. (19) which has been smployed by some researches (Shammas, 1988; Sakurai
ei al 1990}, alithough some improvementis have been achieved in correlating with the test results
in Figs. 5 and 6 by use of the iwe models considered here, there still exits some discrepancy
between theoretical curves and fesis daia. For Riedel's model, this may be due to the
uncertainties mentioned above and the supposition of cavitaied faceis behaving like microcracks
through the whole lifetime, that is clearly unreasonable when o is very small,

For present model, further efforis may be needed to improve ihe comrelation. Some possible
developments will be discussed here briefly. Firetly, non—cavitated facets existing in material
during the real damage process will produce consirainis to cavity growth, as shown by
Dyson{1976) and Rice(1981). This means that the evolution equation of local damage w will be
influenced by the consirainis. However, this effects can not be taken infio acoount in the K-R
damage theory which has been applied in prescnt research. An engineering damage model wiih
such influences has besn developed recently by the preseni avthors, by which the derived A
veisus /i curve has better correlation with the test data, the resulis shall be reporied elsewhers
(Liv and Muzakami, 1991}, n addition, continuous nucleation of cavities introduced in present
model will lead to inhomogensous disiribution of caviies. Cenerally spealing, the differeni
taceis will contain different number of cavitics and ihe cavities on the same facet will have
different sizes. Thus the 7 and s in Bgs. (7) and (8) eic. must be supposed as the average valnes
over total cavitaied facets. To account modeling of any of these nonuniform distribution will be
complicated and demands further investigation.

e

Finally, let's discuss the application of the proposed relations between 4 and D. [f the A-
paramcier in a posiiion of componenis could be measured by some available fechniques (s. q.,
the replica technique), the remaining lifetime fraciion of the components can be estimated by
using one of the theoretical curves in Fige. 3 to 6. In fact, this estimation can be made more
precisely by use of the empirical relation directly fitted from the tes data; One of such relation
has besn given by Shammas(1988) for 1Cr-1/2Mo steel, However, such technigue is valid only
for the condition of constant stress snd consiani temperature. For more general condition of
variable temperaiire and non—sicady states of siress, we need io criploy some analyiical or
numerical fechiniques based on the eveluiion equation of damage variable D and related
constituiive cquations. The corrclation between 4 and D hers clearly provides a physical
foundation io identify the relevant damage siate D from ihe chserved value of A. In previous
analyses of this paper, constant ¢ in damage equation (15} is determined indirectly by the

; -

[ sizain It the teriiary siage. One of this kind of aporoaches

damage-induced acceleration of cree
(Riedel, 1987) gives

g+l = —= (22)

as used in Bgs. (16) and {17). Obviously, more reasonable approach is in determine q by fitting
ithe damage evolution equation
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1
D = 1-(1-#£)*"

23)

directly with the measured evolution of 4—parameier, by applying the proposed relations between
A and D. These relations are recapitulated from Egs. (9), (10) and (13) as follows

4 =¢yD (24)
A=¢, D (25)
A = cyfeD (26)

where ¢) = ¢y = A and ¢5 = 4_/Vz; can be easily obtained. More discussions on this problem
can be found elsewhere (Liu and Murakami, 1991).

4, SUMMARY

In present paper, by calculating the cavity—cut probability P, the metallurgical parameter 4 wag
correlated to the damage variable D in continuum damage mechanics. The probability P is
dependent on the cavity area fraction w on a G.B. facet which were averaged o give the damage
variable 2 in CDM.

By considering the influences of continuous nucleation of cavitics, previcusly proposed relation
of 4 o [ (Cane and Shammas, 1984) and 4 « VD (Sugita, Liu and Murakami, 1991) were
shown to be the extreme cases of damage evolution by cavity nucleation alone, and cavity
growth alone, respectively. A general correlation. between A4 and D has been derived
approximately, in which the influences of macroscopic creep strain were included. Based on the
comparisons with experimental resulis reported in literatures, the general equation for correlating
A and D has been shown more reasonable.

Finally, the present results suggests that, metallurgical parameter 4 can provides a proper
physical foundation for damage variable and iis evolution equation used in CDM. However,
some weaknesses of Kachanov—-Rabotnov creep damage theory have also been revealed through
the comelation, one of which is that damage evolution equation in K-R theory has been
developed for the average damage variable [, and thus the influences due to the inhomogeneity
of local damage variable o (cavity area fraction) can not be taken into accounts.
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