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The creep–rupture properties and the
initiation and growth of the grain-boundary
cracks in the cobalt-base HS-21 alloy

M. TANAKA
Department of Mechanical Engineering, Mining College, Akita University, 1-1,
Tegatagakuen-cho, Akita 010, Japan

The effect of the grain-boundary microstructures on the creep—rupture properties and the

initiation and growth of the grain-boundary cracks was investigated using four kinds of

specimen of various grain-boundary microstructures in the cobalt-base HS-21 alloy at 1089 K

in air. Both the rupture strength and the creep ductility increased with increasing mean value

of the fractal dimension of the grain boundaries, Dgb. The strain to crack initiation was

largest in the specimen of the highest Dgb value (1.241), while the strain was much the same

in the specimens of the Dgb value less than 1.162. This was explained by the local variation in

the grain-boundary microstructures in these specimens. The mean value of the fractal

dimension of the grain-boundary fracture, Df, was close to the value of Dgb, although the

value of Df was a little higher than that of Dgb in the specimens of the lower Dgb values. The

fracture appearance changed from a brittle grain-boundary fracture to a ductile one with

increasing values of Dgb and Df. The crack-growth rate is the surface-notched specimens

decreased with increasing value of Dgb. The threshold stress intensity factor for crack growth

was higher in the specimens with the higher Dgb values.
1. Introduction
It is known that serrated grain boundaries are effective
in improving the creep—rupture properties in many
heat-resistant steels and alloys [1—8]. As Ashby and
co-workers [9—11] revealed, serrated grain bound-
aries composed of grain-boundary ledges, bumps and
curvature, retard the grain-boundary sliding, which
leads to the initiation and growth of the grain-bound-
ary microcracks at high temperatures. Yamamoto
et al. [5] and Tanaka and co-workers [6—8] have also
shown that the grain-boundary fracture surface of the
specimen with serrated grain boundaries is a ductile
fracture surface composed of grain-boundary steps,
ledges and small dimples, while the fracture surface of
the specimen with straight grain boundaries is a typi-
cal brittle grain-boundary fracture surface. However,
it has been difficult, until recently, to describe quanti-
tatively the grain-boundary microstructures and frac-
ture surfaces because of their complexity.

Mandelbrot et al. [12] first revealed the fractal
nature (self-similarity) of fracture surfaces in the im-
pact-loaded and fractured specimens of steels. As Mil-
man et al. [13] have recently reviewed, the concept of
the fractal geometry developed by Mandelbrot [14] as
well as the measurement techniques of the fractal
dimension have been applied to the morphological
analysis of fracture surfaces in metallic materials,
glasses and ceramics. The concept of the fractal geo-
metry has been applied [15, 16] to creep fracture and

it was found that there is a correlation between the

0022—2461 ( 1997 Chapman & Hall
fractal dimension of the grain-boundary fracture (the
fractal dimension of the grain-boundary fracture sur-
face profile in the two-dimensional section, D@

&
,

1(D@
&
(2) and the creep—rupture properties in the

heat-resistant alloys. The creep—rupture properties
can also be correlated to the fractal dimension of the
grain boundaries (the fractal dimension of the grain-
boundary surface profile in the two-dimensional sec-
tion, D@

'"
, 1(D@

'"
(2) [17].

Gokhale and co-workers [18, 19] have discussed
the experimental techniques for the estimation of the
fractal dimension of fracture surfaces. They have also
pointed out as a result of a statistical analysis that
thorough profile sampling is required to achieve pre-
cision in determining the fractal dimension for in-
homogeneous surfaces [19]. However, the local vari-
ation in the microstructures or in the fracture surface
morphologies can be correlated to critical phenomena
like the fracture initiation in the specimens, while the
overall fracture process may be governed by the aver-
aged microstructures.

The initiation and growth of the grain-boundary
cracks, which is related to the creep—rupture proper-
ties, may depend on the ruggedness of grain bound-
aries or fracture surface structures in the materials. In
this study, the effect of the grain-boundary microstruc-
tures on the creep-rupture properties and the initia-
tion and growth of the grain-boundary cracks was
investigated using four kinds of specimen with various

grain-boundary morphologies in the cobalt-base
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HS-21 alloy at 1089 K in air. The mean values of the
fractal dimensions of the grain boundaries and of the
grain-boundary fracture and their standard deviations
were estimated in the scale range of the fractal analysis
less than one grain-boundary length by the box-
counting method [14, 20, 21]. The relationship be-
tween the creep—rupture properties, the initiation and
growth of the grain-boundary cracks and these fractal
dimensions in the HS-21 alloy was then discussed.

2. Experimental procedure
2.1. Materials and creep and creep—

rupture experiments
Table I shows the chemical composition of the com-
mercial wrought cobalt-base HS-21 alloy. The alloy
bars of 16 mm diameter were heat-treated to obtain
four kinds of specimen with different grain-boundary
configuration while keeping the strength of the matrix
almost constant. Table II shows the heat treatments,
the mean value, D

'"
, and the standard deviation, s

'"
,

of the fractal dimension of the grain boundaries, and
the matrix hardness in the specimens of the HS-21
alloy. The grain diameter of these specimens, d

'
, was

130 lm. The fractal dimension of the grain boundaries
is defined as that of the grain-boundary surface profile
in the two-dimensional section (1(D

'"
(2). As will

be shown later, the values of D
'"

and s
'"

were esti-
mated on five grain boundaries in each specimen by
the box-counting method in this study [14, 20, 21].
The range of fractal dimension is also shown in
Table II.

Fig. 1 shows the optical micrographs of the heat-
treated specimens of the HS-21 alloy. Large M

23
C

6
type carbide particles are visible in the specimens of
the higher D

'"
values (Fig. 1c and d), while fine M

23
C

6
precipitates can be observed in the grains (Fig. 1a—d
[8]. Grain boundaries are considerably serrated in
! WQ"water quenched; AC"air cooled; FC"furnace cooled.

specimens of the higher D
'"

values (Fig. 1c and d),
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whereas they are almost straight in specimens of lower
D

'"
values. The heat-treated specimens were machin-

ed into creep specimens as shown in Fig. 2. Smooth,
round, bar specimens of 5 mm diameter, d, and 30 mm
gauge length were used for creep—rupture experiments
(Fig. 2a), and those with a shallow transverse notch
were employed for crack-growth experiments
(Fig. 2b). Creep experiments were carried out using
single lever-type creep—rupture equipment under the
initial creep stresses of 88.2—176 MPa at 1089 K. Con-
ditions of the creep—rupture experiment were chosen
to cause grain-boundary fracture in all the specimens.
The time to crack initiation was also examined on the
smooth, round, bar specimens.

The surface crack length, l, of the surface-notched
specimen was measured by examining the specimen
surface using an optical microscope after interrupting
creep tests and cooling the specimens to room temper-
ature. The specimens were heated to the test temper-
ature and were loaded again after the crack-length
measurement. The creep stress of the notched speci-
mens is shown by the gross stress, r

'
, in this study.

According to the previous study [22], the geometry of
a crack could be known from heat tinting of the
smooth, round, bar specimens ruptured at 1089 K.
The crack depth, a, of the surface-notched specimens
could also be known from the surface-crack length, l,
and the crack geometry. The size of the surface-crack
length and crack depth includes that of the notched
part. The crack-growth rate was obtained by plotting
crack depth, a, against time, t, and reading the slope of
the plotted curve.

2.2. Estimation of the fractal dimensions of
the grain-boundary fracture and of the
grain boundaries

The smooth bar specimens, ruptured under one creep

stress (108 MPa), were longitudinally sectioned in the
TABLE I Chemical composition of the cobalt-base HS-21 alloy used in this study (wt%)

Alloy C Cr Ni Fe Mn Mo Si S P B Co

HS-21 0.27 26.71 2.37 0.09 0.64 5.42 0.59 0.007 (0.005 0.003 Bal.

TABLE II The heat treatments, the mean value, D
'"

, and the standard deviation, s
'"

, of the fractal dimension of the grain boundaries, and
the matrix hardness in the specimens of the HS-21 alloy

Heat treatments! D
'"

, s
'"

Matrix hardness
(range of the fractal dimension) (Vickers hardness number,

load"4.9 N)

1523 K!3.6 ksPWQ 1.056, 0.0112 418
#1089 K!10.8 ksPAC (1.039—1.066)

1523 K!3.6 ksPAC 1.107, 0.0194 407
#1089 K!10.8 ksPAC (1.085—1.136)

1523 K!3.6 ks!FCP1383 KPWQ 1.162, 0.0361 419
#1089 K!10.8 ksPAC (1.117—1.211)

1523 K!3.6 ks!FCP1323 KPWQ 1.241, 0.0325 405
#1089 K!10.8 ksPAC (1.208—1.288)



Figure 1 Optical micrographs of the heat-treated specimens of the HS-21 alloy. (a) D
'"
"1.056, (b) D

'"
"1.107, (c) D

'"
"1.162,

(d) D
'"
"1.241.

Figure 2 The geometry of the creep and creep-rupture specimens. (a) Smooth, round, bar specimen; (b) detail of the notched part of the

surface-notched specimen.
plane involving the specimen axis, and the fracture
surface profiles of five grain boundaries near the speci-
men axis were examined on each specimen. As well as
in the measurement of the fractal dimension of the
grain boundaries, D

'"
, four representative photo-

graphs of the grain-boundary fracture surface profile
were taken using an optical microscope at 400 times
or using a scanning electron microscope at 2000 times.
The mean value, D

&
, and the standard deviation, s

&
, of

the fractal dimension of the grain-boundary fracture
were estimated on five grain-boundary facets. The
fractal dimension of the grain-boundary fracture in
this study is the fractal dimension of the grain-bound-
ary fracture surface profile in the two-dimensional
section (1(D

&
(2) estimated in the scale range, r,

smaller than one grain-boundary length (6.7]10~7 m)

r)1.3]10~6 m, 5.2]10~3)r/d
'
)0.10). The frac-

tal dimension of the grain boundaries, D
'"

, was also
estimated in the similar scale range (4.4]10~3)

r/d
'
)8.8]10~2).

Fig. 3 shows a schematic illustration of the box-
counting method applied to the estimation of the
fractal dimensions of the grain-boundary fracture and
of the grain boundaries. The value of N

*
is the number

of boxes of the side length, r, which intersect the ith

profile of the grain-boundary facet (or the ith profile of
Figure 3 Schematic illustration of the box-counting method ap-
plied to the estimation of the fractal dimensions of the grain-
boundary fracture and of the grain boundaries.

the grain-boundary surface). The length of the ith
profile of the grain-boundary facet (or the ith profile of

the grain-boundary surface). ¸

i
, is given by a product
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of N
i
and r, such that ¸

i
"N

i
r. The length of the ith

profile, ¸
i
, is generally correlated to the scale length of

the fractal analysis, r, by the following equation
[14, 20, 21, 23]

¸
i
"¸

i 0
r1~Di (1)

where D
i
is the fractal dimension of the ith profile and

¸
i0

is a constant. The value of D
i
can be obtained by

fitting the experimental data of the ith profile to the
above equation. The mean value, D, and the standard
deviation, s, of the fractal dimension are given by

D"

n
+
i/1

D
i
/n (2)

s"C
n
+
i/1

(D
i
!D)2/(1!n)D

1@2
(3)

where D"D
*
and s"s

&
for the fractal dimension of

the grain-boundary fracture, and D"D
'"

and s"s
'"

for the fractal dimension of the grain boundaries, and
n"5 in this study.

3. Results and discussion
3.1. Effects of grain-boundary configuration

on the creep—rupture properties of
smooth, round, bar specimens

Fig. 4 shows the rupture lives of the specimens in the
HS-21 alloy at 1089 K. The rupture lives of the speci-
mens tend to increase with increasing the mean value
of the fractal dimension of the grain boundaries, D

'"
.

The increase in the value of D
'"

leads to a large
improvement of the rupture lives, especially under the
higher stresses.

Fig. 5 shows the creep ductility of the specimens in
the HS-21 alloy. Both the elongation and the reduc-
tion of area increase with increasing the value of D

'"
.

Thus, the improvement of the creep—rupture proper-
ties by serrated grain boundaries depend on the value
of D

'"
. The change in the creep—rupture properties

with the value of D
'"

can be explained by the initiation
and growth of the grain—boundary crack during creep.

Fig. 6 shows examples of creep curves of the speci-
mens of the HS-21 alloy tested under a stress of
108 MPa at 1089 K. The first grain-boundary crack
seems to initiate on the specimen surface. The strain to
crack initiation is also shown in this figure. As re-
ported in the previous study [8], the creep curves of
the HS-21 alloy have a long tertiary creep regime and
a very short steady-state creep regime in the temper-
ature range 1089—1311 K. The strain to the initiation
of the surface crack is about 0.0083 in the specimen of
D

'"
"1.241, whereas it is almost the same (about

0.0052—0.0056) in the specimens of D
'"

less than 1.162.
Ashby and co-workers [9—11] discussed the influ-

ence of ledges, bumps, curvature, particles or precipi-
tates on the grain-boundary sliding. Obviously, all
these make the grain-boundary sliding difficult and
increase the value of D

'"
as well. According to the

previous study [6, 7], serrated grain boundaries (with
high D value) are effective in retarding the initiation
'"
of the grain-boundary cracks controlled by grain-
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Figure 4 The rupture lives of the specimens in the HS-21 alloy at
1089 K, for the D

'"
values: (—s—) 1.056, (--n--) 1.107, (— —K— —)

1.162, (—e—) 1.241.

Figure 5 The creep ductility of the specimens in the HS-21 alloy at
1089 K. Values of D

'"
given in Fig. 4.

Figure 6 Creep curves of the specimens in the HS-21 alloy tested
under a stress of 108 MPa at 1089 K.

boundary sliding, and the strain to crack initiation is
larger in the specimen with serrated grain boundaries
(with high D

'"
value) compared with the one with

straight grain boundaries (with low D
'"

value). There-
fore, the strain to crack initiation is the largest in the
specimen of the largest D

'"
value. However, there is

almost no difference in the strain to crack initiation
between the specimens of D less than 1.162. This can
'"
be explained by boundary to boundary variation in



Figure 7 The relationship between the rupture strength, r
3
, and the

increment in the mean value of the fractal dimension of the grain
boundaries, *D

'"
, in the HS-21 alloy at 1089 K

(*D
'"
"D

'"
!1.056).

Figure 8 The relationship between the reduction of area, /, and
the increment in the mean value of the fractal dimension of the
grain boundaries, *D

'"
, in the HS-21 alloy at 1089 K

(*D
'"
"D

'"
!1.056).

the fractal dimension of the grain boundaries in the
specimens indicated by the standard deviation, s

'"
,

and the range of the fractal dimension (Table II). The
crack initiation may be associated with the straighter
grain boundaries (with the lower D

'"
values) in the

same specimen, although this was not confirmed in

each specimen. As indicated by the value of s

'"
(Table II), the local variation of the fractal dimension
seems to increase up to D

'"
"1.162. It is deduced that

the lowest value of the fractal dimension in the speci-
men of D

'"
"1.107 and in the specimen of D

'"
"

1.162 is close to that of the fractal dimension in the
specimen of D

'"
"1.056, while there is a large differ-

ence in the lowest value of the fractal dimension be-
tween the specimen of D

'"
"1.241 and the specimen

of D
'"
"1.056. Thus, the crack initiation may be asso-

ciated not with the mean value of the fractal dimen-
sion of the grain boundaries, D

'"
, but with the local

variation of the fractal dimension in the specimens.
Fig. 7 shows the relationship between the rupture

strength, r
3
, and the increment in the mean value of

the fractal dimension of the grain boundaries, *D
'"

, in
the HS-21 alloy at 1089 K (*D

'"
"D

'"
!1.056). The

value of r
3

increases with increase of the value of
*D

'"
, and the increase of r

3
with *D

'"
is more re-

markable at the shorter rupture life (100 ks). Fig. 8
shows the relationship between the reduction of area,
/, and the increment in the mean value of the fractal
dimension of the grain boundaries, *D

'"
, in the HS-21

alloy at 1089 K. The data points indicate the averaged
values of the reduction of area over four creep stresses,
and the ranges of the values are also shown in this
figure. The reduction of area also increases with in-
creasing value of D

'"
. Similar results were obtained on

the dependence of the elongation on the value of D
'"

.
These results can be correlated to the fracture mode in
the specimens.

Fig. 9 shows the microstructures of the specimens in
the HS-21 alloy ruptured under a stress of 108 MPa at
1089 K. The tensile direction is vertical in the optical
micrographs. Long grain-boundary cracks are ob-
served near the fracture surface in the specimens of the
smaller values of D

'"
(Fig. 9a, b), while shorter grain-

boundary cracks can be seen in the specimens of the
larger values of D

'"
(Fig. 9c and d). The fracture sur-

face of the specimen of the lowest D
'"

value (1.056) is
a typical brittle grain-boundary facet (Fig. 9e), where-
as that of the specimen of the highest D

'"
value (1.241)

is a ductile grain-boundary fracture surface composed
of ledges, steps and small dimples (Fig. 9h). The frac-
ture surfaces of the specimens of the intermediate
value of D

'"
have a mixed microstructure of brittle

and ductile fracture surfaces (Fig. 9f and g), which
reflect the local variation of the fractal dimension of
the grain boundaries in these specimens (Table II),
and the area fraction of the ductile grain-boundary
fracture surface is larger in the specimen of the higher
D

'"
value (Fig. 9g).

Table III shows the mean value, D
&
, and the stan-

dard deviation, s
&
, of the fractal dimension of the

grain-boundary fracture and the range of the fractal
dimension in the specimens of various D

'"
values

ruptured under a stress of 108 MPa at 1089 K. The
value of D

&
is close to that of D

'"
, although it is a little

higher than that of D
'"

in the specimens of the lower
D

'"
values. The value of s

&
is also close to that of s

'"
in

these specimens (Table II). The fracture appearance
changes from a brittle grain-boundary fracture to
a ductile one with increasing value of D (and the value
&
of D

'"
). It seems that the brittle to ductile transition in
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Figure 9 The microstructures of the specimens in the HS-21 alloy ruptured under a stress of 108 MPa at 1089 K. (a, e) D "1.056, (b, f )

'"

D
'"
"1.107, (c, g) D

'"
"1.162, (d, h) D

'"
"1.241.
TABLE III The mean value, D
&
, and the standard deviation, s

&
, of

the fractal dimension of the grain-boundary fracture in the speci-
mens of various D

'"
values of the HS-21 alloy ruptured under the

stress of 108 MPa at 1089 K

D
'"

D
&
, s

&
(range of the fractal dimension)

1.056 1.124, 0.0171
(1.099—1.139)

1.107 1.152, 0.0213
(1.126—1.179)

1.162 1.216, 0.0358
(1.182—1.271)

1.241 1.261, 0.0307
(1.212—1.289)

the fracture appearance occurs at the fractal dimen-
sion of the grain-boundary fracture of about 1.15—1.20
(at that of the grain boundaries of about 1.10—1.15).
Further, the fracture appearance in the specimens was
not changed with creep stress. Thus, both increases in
the rupture strength and in the creep ductility with
increasing D

'"
value can be explained by an increase

in the area fraction of the ductile grain-boundary
fracture indicated by the value of D

&
in the HS-21

alloy.

3.2. Creep crack growth in the surface-
notched specimens

The growth of the grain-boundary crack during creep

at 1089 K was investigated using three kinds of speci-
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men with different D
'"

values (1.056, 1.162 and 1.241).
Fig. 10 shows the geometry of the grain-boundary
cracks observed on the smooth, round, bar specimens
of the HS-21 alloy ruptured at 1089 K. The product of
specimen radius, d/2, and open angle, h, gives the
surface crack length (l"dh/2). The ratio of crack
depth, a, to specimen diameter, d, i.e. a/d, increases
with an increase in the angle h (or the surface crack
length, l ), while the ratio R/d shows a constant value of
0.630 for all the specimens of the HS-21 alloy, where
R is the radius of curvature at the crack front. The
similar value of R/d (0.679) was obtained in the aus-
tenitic 21Cr—4Ni—9Mn steel [22]. Thus, if the value of
l is known, the value of a/d can be estimated from the
angle h by using Fig. 10.

Fig. 11 shows the increment of the surface crack
length, *l, in the surface-notched specimens of the
HS-21 alloy during creep at 1089 K. The period of the
crack growth is longer in the specimen of the higher
D

'"
value under both gross stresses (r

'
"73.5,

88.2 MPa), although the period of the crack growth in
the surface-notched specimen is much less than that in
the smooth bar specimen (Fig. 6). The time to crack
initiation is not always shortest in the surface-notched
specimen of the lowest D

'"
value. This behaviour can

be explained as follows. The grain boundary at which
a crack is expected to initiate is not always located at
the notch root where the stress concentration is the
highest [22]. Further, as described in the previous
section, there is a boundary-to-boundary variation in
the fractal dimension of the grain boundaries. These

factors may affect the initiation of the grain-boundary



Figure 10 The geometry of the grain-boundary cracks observed on
the smooth, round, bar specimens of the HS-21 alloy ruptured at
1089 K. D

'"
: (n, m) 1.056, (K, j) 1.162, (s, d) 1.241.

Figure 11 The increment of the surface crack length, *l, with time
in the surface-notched specimens of the HS-21 alloy during creep at
1089 K. D

'"
: (n, m) 1.056, (K, j) 1.162, (s, d) 1.241.

cracks. The change in the notch-opening displacement
with time was also measured in the surface-notched
specimens during creep at 1089 K, but it is not shown
here, because the change in the notch-opening dis-
placement was too small (less than 10~5 m) to identify
through crack-growth experiments because of low
creep ductility of the HS-21 alloy.

The crack depth, a, and the crack growth rate,
da/dt, can be obtained from the results of the surface
crack-growth experiments using the relationship be-
tween crack depth, a, and the angle h (Fig. 10). Fig. 12
shows the relationship between the crack-growth rate,
da/dt, and the maximum stress intensity factor, K

I
, in

the HS-21 alloy during creep at 1089 K. The K
I
values

for the surface-notched specimens is given using vari-
ables shown in Fig. 12 by Kiuchi et al.’s equation [24]

K
I
"r

'
(pa)1@2 M1.12#(0.30/d!1.85/R)a

![6.63/d2!10.25/(Rd)]a2

#[23.13/d3!18.75/(Rd2)]a3N
(a/d)0.4 and R*0.5d) (4)
Figure 12 The relationship between the crack-growth rate, da/dt,
and the maximum stress intensity factor, K

I
, in the HS-21 alloy

during creep at 1089 K, for r
'
" (m, j, d) 73.5 MPa, and

(n, K, s) 88.2 MPa. D
'"

: (m, n) 1.056, (j, K) 1.162, (d, s) 1.241.

where r
'

is the gross stress. The crack-growth rate
(da/dt) is lower in the specimens of the higher D

'"
values, but the difference in the value of da/dt was
larger at the smaller K

I
values (i.e. in the early stage of

the crack growth) between these specimens. The thre-
shold stress intensity factor for crack growth, below
which the crack does not grow, is higher in the speci-
mens of the higher D

'"
values, although it seems to be

a little higher under the higher gross stress (88.2 MPa).
As described in the previous section, the mean value of
the fractal dimension of the grain-boundary fracture,
D

&
, is close to that of the fractal dimension of the grain

boundaries, D
'"

, in the smooth, round, bar specimens.
Therefore, the crack growth in the microscopic scale
may be controlled by the grain-boundary microstruc-
tures also in the surface-notched specimens.

Kitagawa and Yuuki [25] have reported that the
K

I
value of a deflected crack depends on the ratio of

the deflected portion of the total length of the crack,
and that K

I
decreases with increasing proportion of

the deflected part of the crack, even for the same
projected crack length on the original crack trajectory.
Ishida [26] has shown that the K

I
value of a serrated

crack normal to the tensile axis is almost constant,
independent of the number of serrations. Suresh [27]
has also obtained similar results and has shown that
the circumvention of the crack path by serrated grain
boundaries may retard the crack growth by lengthen-
ing the crack path. The grain-boundary crack is de-
flected not only at ledges, bumps, steps or precipitates
on grain boundaries but also at grain-boundary triple
junctions. The effect of grain-boundary configuration
may be reduced by the crack deflection at grain-
boundary triple junctions when the length of the
grain-boundary crack is more than several grain dia-
meters. Similar results were obtained on the austenitic

21Cr—4Ni—9Mn heat-resisting steel [22]. As shown by
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the value of s
'"

, there may be a local variation of the
grain-boundary microstructures at the crack front,
but this variation may be averaged along the crack
front during the crack-growth process. Therefore, the
crack growth can be correlated to the mean value of
the fractal dimension of the grain boundaries, D

'"
, in

each specimen.

4. Conclusions
The creep—rupture properties and the initiation and
growth of the grain-boundary cracks were investi-
gated using four kinds of specimen of the cobalt-base
HS-21 alloy with various grain-boundary microstruc-
tures at 1089 K in air. The results obtained were
summarized.

1. Both the rupture strength and the creep ductility
increased with increasing mean value of the fractal
dimension of the grain boundaries, D

'"
, in the speci-

mens. The strain to the initiation of the grain-bound-
ary crack was largest in the specimen of the highest
D

'"
value (1.241), while the strain was much the same

in the specimens of the D
'"

value less than 1.162. This
behaviour was explained by the local variation in the
grain-boundary microstructures indicated by the stan-
dard deviation of the fractal dimension of the grain
boundaries, s

'"
.

2. The mean value D
&
, and the standard deviation,

s
&
, of the fractal dimension of the grain-boundary

fracture were, respectively, close to the values of D
'"

and s
'"

although the value of D
&

was a little higher
than the value of D

'"
in the specimens of the lower D

'"
values. The creep—rupture properties were correlated
to the microstructural features of the grain boundaries
and of the grain-boundary fracture surfaces indicated
by these fractal dimensions, D

'"
and D

&
. The fracture

appearance changed from a brittle grain-boundary
fracture to a ductile one with increasing values of D

&
and D

'"
.

3. The growth rate of the grain-boundary crack was
lower in the specimens of the higher D

'"
values, be-

cause the creep crack growth was possibly controlled
by the averaged grain-boundary microstructures at
the crack front. The effect of the grain-boundary confi-
guration on the crack growth was larger at the smaller
K

I
value (at the early stage of the crack growth). The

threshold stress intensity factor for crack growth was
higher in specimens with higher D

'"
values.
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