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The effect of grain-boundary strengthening on the creep-rupture strength by modification of 
the grain-boundary configuration is studied using austenitic 21Cr -4Ni -9Mn steel in the tem- 
perature range from 600 to 1000°C in air. Grain-boundary sliding is also examined on a steel 
with serrated grain boundaries during creep at 700 ° C. The improvement of creep-rupture 
strength by the strengthening of grain boundaries is observed at high temperatures above 
600 ° C. The 1000 h rupture strength of steels with serrated grain boundaries is considerably 
higher than that of steels with straight grain boundaries, especially at 700 and 800 ° C. The 
strengthening by serrated grain boundaries is effective in retarding both the crack initiation 
and the crack propagation at 700 °C, while it does not improve the life to crack initiation at 
900 ° C. Grain-boundary sliding is considerably inhibited by the strengthening of grain bound- 
aries at 700 °C. The amount of it in steels with serrated grain boundaries is less than about 
one-third of that of steels with straight grain boundaries at the same creep strain. The stress 
dependence of grain-boundary sliding rate in the steady-state regime is also examined from 
the steels with these two types of grain-boundary configuration. 

1. I n t r o d u c t i o n  
The high-temperature strength of austenitic heat- 
resisting steels and nickel-base superalloys is consider- 
ably improved by the strengthening of grain boundaries 
[1-5]. The grain-boundary strengthening is usually 
achieved by slow cooling from solution temperature, 
which develops serrated grain boundaries caused by 
the formation of grain-boundary carbides or other 
precipitates [1, 6, 7]. 

The mechanism of grain-boundary strengthening 
has also been investigated for austenitic heat-resisting 
steels, and the strengthening by serrated grain bound- 
aries is attributed to the retardation of grain-boundary 
sliding, which has an important role in grain-boundary 
fracture at high temperatures, the decrease in stress 
concentration at grain-boundary triple junctions with 
decreasing the length of sliding grain boundaries, and 
the occurrence of ductile grain-boundary fracture 
[8, 9]. It was also found as a result of analysis that the 
diffusion of atoms decreases the stress concentrations 
at grain-boundary triple junctions at high temperatures 

[10]. This may also lead to the retardation of triple- 
point cracking in materials with serrated grain bound- 
aries compared with those with long, straight grain 
boundaries [10, 11]. However, the amount of grain- 
boundary sliding has not been measured on steels with 
serrated grain boundaries, and the quantitative rela- 
tionship is not experimentally confirmed between the 
initiation and propagation of grain-boundary cracks 
and the grain-boundary sliding. 

In this study, the creep rupture strength was inves- 
tigated for austenitic 21Cr-4Ni-9Mn (wt %) heat- 
resisting steels with serrated grain boundaries and 
normal straight grain boundaries in the temperature 
range from 600 to 10000C. An investigation was 
then made of the temperature dependence of grain- 
boundary strengthening effects in this kind of steel. 
Further, measurements of grain-boundary sliding in 
these steels were made to confirm the retardation 
effect of grain-boundary sliding by grain-boundary 
strengthening at 700 ° C. 

T AB L E I Chemical composition of steel used 

Composition (wt %) 

Steel C N Cr Ni Mn Si S P Fe 

2lCr 4Ni-9Mn 0.54 0.39 21.10 4.07 9.74 0.19 0.008 0.017 Balance 
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Figure 1 Optical micrographs of (a) Steel S, (b) Steel N. 

2. Experimental procedure 
Table I shows the chemical compositions of the aus- 
tenitic 2 1 C r - 4 N i - g M n  engine-valve steel with 16 mm 
diameter used in this study. The steel was heat-treated 
to obtain specimens with serrated grain boundaries 
(Steel S) and those with normal straight grain bound- 
aries (Steel N) of the same hardness (about 320 Hv). 
Table II shows the heat-treatment procedure, and 
Fig. 1 shows microstructures of the steels. Steel S has 
serrated grain boundaries with c o a r s e  M23C 6 grain- 
boundary carbides, while Steel N has straight grain 
boundaries with continuous carbides. The former steel 
has a grain-boundary length of about 5.72 x 10-5m 
and the latter has a grain-boundary segment length of  
about 2 x 10 5m, while both the steels have a same 
grain diameter of about 9.9 x 10-Sm. 

Creep and creep-rupture tests were performed using 
the usual single-lever type of  creep-rupture equipment 
with a capacity of 19.6kN in the temperature range 
from 600 to 1000°C in air. Smooth round-bar speci- 
mens with 30mm gauge length and 5 mm diameter 
were used for creep and creep-rupture experiments 
(Fig. 2a), and specimens with a transverse surface 
notch of 3 mm surface length (Fig. 2b) were employed 
for surface crack propagation experiments at 900 ° C. 

Fig. 3 illustrates the technique of measuring the 
amount of grain-boundary sliding in the two kinds of 
steel at 700 ° C. Marker lines were scratched on the 
specimen surface with a knife-edge at a spacing of 0.2 
or 0.3 mm. The average amount of grain-boundary 
sliding was obtained as a weighted mean value with 
sliding grain-boundary length from measurements of 
the off-set of marker lines (u) and the orientation of 
each grain boundary or grain-boundary segment (0) 
after creeping specimens to a given strain [12]. The 
measurement of grain-boundary sliding was made on 

gold-coated surface replicas extracted from crept 
specimens with a scanning electron microscope. 

The initiation of grain-boundary cracks on the 
creep and fracture surfaces of creep-ruptured speci- 
mens was examined with optical and scanning electron 
microscopes. 

3. Results and discussions 
3.1. Effect of grain-boundary strengthening 

on creep-rupture strength 
Fig. 4 shows the creep-rupture strength of the steel 
with serrated grain boundaries (Steel S) and that with 
straight grain boundaries (Steel N) in the temperature 
range from 600 to 1000 ° C. Serrated grain boundaries 
improve the creep rupture strength at high tem- 
peratures above about 600°C. The 1000h rupture 
strength of the steels with serrated grain boundaries is 
relatively higher than that of the steel with straight 
grain boundaries, especially at 700 and 800 ° C. Thus, 
it is obvious that the effect of  grain-boundary 
strengthening is large at these temperatures. 

Fig. 5 shows examples of  creep curves for the steel 
with serrated grain boundaries and that with straight 
grain boundaries at 700 ° C. Arrows in the figure indi- 
cate the initiation of grain-boundary cracks. The steel 
with serrated grain boundaries has a longer rupture 
life and larger elongation than that with straight grain 
boundaries. Moreover, the time to crack initiation is 
also longer in the former. For  example, the strain to 
crack initiation is 0.044 in the steel with serrated grain 
boundaries (Steel S) at 196 MPa, while it is 0.030 in the 
steel with straight grain boundaries at this stress. As 
will be seen later, grain-boundary cracks were initi- 
ated at the triple junctions [11, 13, 14] in the tertiary 
creep regime (about 80 to 90% of the rupture life) in 
these steels. The crack propagation period to rupture 

TAB L E I I Heat treatment of steel 

Specimens Heat treatment* 

Steel S (serrated grain 1200°C x lh ~ F.C. ---, 1030°C --+ W.Q. + 750°C x 30h --+ A.C. + 1000°C x 3h ~ A.C. 
boundaries) 

Steel N (normal straight 
grain boundaries) 

1200°C x lh ~W.Q. + 700°C x 30h~ A.C. + 1000°C × 30h---,A.C. 

*F.C. = furnace-cooled, W.Q. = water-quenched, A.C. = air-cooled. 
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Figure 2 Configurations of speci- 
mens for (a) creep and creep- 
rupture tests and (b) surface crack 
propagation experiments. Dimen- 
sions in millimetres. 

is also longer in the steel with strong grain boundaries. 
Fig. 6 also shows the creep curves of these steels at 

900 ° C. The tertiary creep occupies a very large por- 
tion of the creep curve even under low stresses at 
temperature above 900 ° C, irrespective of the grain- 
boundary configuration of the steel. Grain-boundary 
cracks occur at a small creep strain in the tertiary 
creep regime in both the steels at 900°C compared 
with these cracks at 700 ° C. The cracks are nucleated 
at the time of about 50 to 70% of rupture life in the 
steel with serrated grain boundaries, while they are 
initiated at about 70 to 80% of it in the one with 
straight grain boundaries. 

Thus, serrated grain boundaries seem to retard the 
creep crack propagation of steels at 900 ° C, although 
creep cracks occurred at small strains. This fact 
implies that the stress concentrations built up at 
the triple junctions by grain-boundary sliding are 
decreased by enhanced diffusion of atoms at very high 
temperatures to the levels which do not cause triple- 
point cracking [10, 15]. Further, severe oxidation may 
affect grain-boundary crack initiation at high tem- 
peratures. These factors may lead to the transforma- 
tion of the mechanism of grain-boundary crack initia- 
tion from triple-point cracking [11, 13, 14] to other 
mechanisms [10, 11, 16]. 

Even at high temperatures above 900 ° C, the resis- 
tance of steels to creep crack propagation may be 
improved by the strengthening of grain boundaries. 

1 

Figure 3 Schematic illustrations of the measurement of grain- 
boundary sliding: (a) normal straight grain boundary,  (b) serrated 
grain boundary, u = amount  of grain-boundary sliding, 0 = 
orientation. 

Fig. 7 shows the relation between surface crack 
propagation rate and surface crack length for steels 
during creep at 900°C and 27.4MPa. The crack 
propagation rate of Steel S with serrated grain bound- 
aries is less than half that of Steel N with straight grain 
boundaries. The difference in crack propagation rate 
of these steels is larger when the surface crack length 
is shorter. Thus, the enhancement of grain-boundary 
crack propagation resistance (probably due to the 
deflection of crack paths) is the working mechanism 
for strengthening by serrated grain boundaries at tem- 
peratures above about 900 ° C. 

3.2. Initiation of grain-boundary cracks and 
grain-boundary fracture 

Fig. 8 shows the grain-boundary cracks initiated on 
the specimen surface during creep at 700 and 900 ° C. 
The tensile direction is vertical in the photographs. 
Small grain-boundary cracks with sizes of less than a 
few grain diameters are initiated on both the steel 
with serrated grain boundaries (Fig. 8a) and that 
with straight grain boundaries (Fig. 8b) at 700°C. 
These cracks are considered to be nucleated at grain- 
boundary triple junctions by grain-boundary sliding 
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Figure 4 Temperature dependence of creep rupture strength in 
2 1 C r - 4 N i - 9 M n  steels: (o)  Steel S, (zx) Steel N. 
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Figure 5 Creep curves of 21Cr-4Ni-gMn steels at 700°C: ( 
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Figure 6 Creep curves of 21Cr 4Ni-9Mn steels at 900°C: ( 
Steel S, (---) Steel N. Arrows indicate crack initiation. 

in both the steels [12-14]. Microvoids also occur in 
addition to microcracks at 900°C (Figs 8c and d). 

Fig. 9 shows the microstructures and fracture sur- 
faces of specimens creep-ruptured at 700°C and 
196MPa. The tensile direction is horizontal in the 
optical micrographs. Short grain-boundary cracks are 
visible at grain-boundary triple junctions in Steel S 
(Fig. 9a), while a long crack is observable in Steel N 
(Fig. 9b). The fracture surface of the specimen with 
serrated grain boundaries consists of grain-boundary 
facets which contain steps and ridges corresponding to 
serrated grain boundaries and dimple patterns (Figs 
9c and e), but that of the specimen with straight grain 
boundaries shows typical grain-boundary fracture 
facets (Figs 9d and f). 

Fig. 10 shows microstructures and fracture surfaces 
of specimens creep-ruptured at 900°C and 27.4 MPa. 
Many microcracks and microvoids are visible near the 
fracture surface in both specimens (Figs 10a and b). 
The tensile direction is also horizontal in these optical 
micrographs. The fracture surface becomes relatively 
featureless by severe oxidation and surface diffusion 
of atoms in both the steels at 900°C (Figs 10c and d), 
except for the trace of nucleation of grain-boundary 
voids (Fig. 10e) and round grain-boundary facets 
(Fig. 10f). The microstructures and fracture appear- 
ances at 1000°C are almost identical to those at 
900 ° C. Thus, the available information on strength- 
ening by serrated grain boundaries in the crack 
propagation process could not be obtained by fracto- 
graphy on the specimens creep-ruptured at very high 
temperatures. 

3.3. Effects of gra in-boundary conf igurat ion 
on the gra in-boundary sliding during 
creep at 700°C 

Fig. 11 shows the grain-boundary sliding observed on 
specimens with serrated grain boundaries (Steel S) and 
those with straight grain boundaries (Steel N) during 
creep at 700 ° C. As is expected, the average amount of 
grain-boundary sliding considerably decreases by 
strengthening of grain boundaries. Horton [17] also 
confirmed the retardation of grain-boundary sliding 
by second-phase particles in an A1-Fe alloy. The 
change in the average amount of sliding with time is 
similar to the shape of creep curve generated under the 
same creep conditions (Fig. 5). The fraction of sliding 
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grain boundaries relative to total grain boundaries 
increased with time irrespective of the grain-boundary 
configuration. However, this fraction is at most 30% 
in specimens with straight grain boundaries, although 
it is larger in specimens with straight grain boundaries 
than in those with serrated grain boundaries. Fig. 12 
shows grain boundaries of specimens crept to about 
4% strain. The off-sets of marker lines due to grain- 
boundary sliding are too small to confirm at low 
magnification (Figs 12a and b). Even at higher mag- 
nifications, the grain-boundary sliding is difficult to 
confirm in Steel S with serrated grain boundaries 
(Fig. 12c), while it is discernible in Steel N with 
straight grain boundaries (Fig. 12d). 

Fig. 13 shows the relation between the average 
amount of grain-boundary sliding and creep strain in 
specimens during creep at 700 ° C. The amount of the 
sliding in each specimen increases with creep strain. 
The amount of it in specimens with serrated grain 
boundaries is less than one-third of that in those with 
straight grain boundaries at the identical creep strain 
under the same creep conditions. The amount of 
sliding to crack initiation is also indicated by arrows 
in the figure. This critical amount of sliding is larger in 
the steel with straight grain boundaries than in that 
with serrated grain boundaries. This value is slightly 
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Figure 7 The effect of grain-boundary strengthening on the surface 
crack propagation rate of 21Cr-4Ni-9Mn steels during creep at 
900°C and 27.4 MPa: (o) Steel S, (zx) Steel N. 



Figure 8 Grain-boundary cracks observed on 21Cr-4Ni 9Mn steels with two types of grain-boundary configurations. (a) Steel S (700 ° C, 
196MPa, 0.99tr); (b) Steel N (700°C, 196MPa, 0.94tr); (c) Steel S (900°C, 27.4MPa, 0.68tr); (d) Steel S (900°C, 27.4MPa, 0.94tr) 
(tr: rupture life). 

Figure 9 Optical and scanning 
electron micrographs of 21Cr 
4Ni 9Mn steels creep-ruptured 
at 700°C, 196 MPa. (a, c, e) Steel 
S; (b, d, f) Steel N. 
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Figure 10 Optical and scanning 
electron micrographs of 21Cr 
4Ni -9Mn steels creep-ruptured 
at 900 ° C, 27.4 MPa. (a, c, e) Steel 
S; (b, d, f) Steel N. 

larger when the applied stress is lower. The amount of 
grain-boundary sliding is slightly larger under the 
lower stress (196MPa), irrespective of the grain- 
boundary configurations in specimens. 

Fig. 14 shows the relation between the amount of 
sliding of each grain boundary and the orientation 
difference between the boundary and the tensile direc- 
tion (0) in specimens crept to about 4% strain at 
700°C and 294MPa. The average amount of the 
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Figure 11 The average amount of grain-boundary sliding in 21Cr-  
4Ni -9Mn steels with two types of  grain boundary configuration 
during creep at 700 ° C. (e)  Steel S, 196 MPa; (o) Steel S, 294 MPa; 
(A) Steel N, 196MPa; (zx) Steel N, 294MPa. 
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sliding (fi) is also shown in the figure. The grain- 
boundary sliding occurs on grain boundaries with the 
orientation difference (0) more than about 30 °, and 
the amount of it has a maximum value of 0 in the 
range from 60 to 70 ° in both specimens. 

Fig. 15 shows the stress dependence of average 
grain-boundary sliding rate in the steady-state creep 
regime at 700 ° C. The sliding rate of specimens (h) 
with serrated grain boundaries is less than one-third of 
that of specimens with straight grain boundaries. The 
stress exponent (m) is 6.5 for the former and 6.7 for the 
latter when these data points are fitted to a power law 
(fi oc am). Fig. 16 shows the stress dependence of 
steady-state creep rate (~ oc an), although the values 
of the creep rate are almost the same in these two kinds 
of steel. The stress dependence of grain-boundary 
sliding rate is slightly lower than that of the steady- 
state creep rate in these steels. These experimental 
results coincide with those reported by other inves- 
tigators on several kinds of metallic material [18]. 

4. Conclusions 
The effect of grain-boundary strengthening on the 
creep-rupture strength by modification of the grain- 
boundary configuration has been investigated using 
austenitic 21Cr-4Ni -9Mn engine-valve steel in a 
wide temperature range from 600 to 1000°C in air. 



Figure 12 An example of grain-boundary sliding in 21Cr 4 N i - 9 M n  steels during creep at 700 ° C. (a, b) markers on the specimen surface; 
(c, d) off-set of  a marker. (a, c) Steel S; (b, d) Steel N (creep strain = 0.04). 

Further, grain-boundary sliding was also examined on 
a steel with serrated grain boundaries during creep at 
700 ° C. The results obtained are summarized as follows. 

1. The improvement of creep-rupture strength by 
the strengthening of grain boundaries was observed at 
temperatures above 600°C. The 1000h rupture 
strength of  a steel with serrated grain boundaries was 
relatively higher than that of the steel with straight 
grain boundaries, especially at 700 and 800 ° C. 
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Figure 13 The relation between the average amount  of  grain- 
boundary sliding and total creep strain in 2 1 C r - 4 N i - 9 M n  steels at 
700°C. (e )  Steel S, 196MPa; (O) Steel S, 294MPa;  ( - )  Steel N, 
196 MPa; (zx) Steel N, 294 MPa. Arrows indicate crack initiation. 

2. The strengthening of heat-resisting steel by ser- 
rated grain boundaries was effective in retarding both 
the crack initiation and the final creep rupture of the 
steel at temperatures around 700 ° C, while it only 
increased the resistance to creep crack propagation at 
temperatures above about 900 ° C. This may be caused 
by severe oxidation and the surface diffusion of atoms, 
which lead to a change in the crack initiation mechan- 
ism with increasing test temperature. 

3. Grain-boundary sliding was considerably inhib- 
ited by the strengthening of grain boundaries at 
700 ° C. The average amount of it in a steel with ser- 
rated grain boundaries was less than about one-third 
of that of the steel with straight grain boundaries at 
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Figure 15 The stress dependence of  average grain-boundary sliding 
rate in the steady-state creep regime in 21Cr-4Ni  9Mn steels at 
700°C: (O) Steel S, (,a) Steel N. 
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Figure 16 The stress dependence of steady-state creep rate in 21Cr-  
4Ni 9Mn steels during creep at 700 ° C: ( - - ,  o)  Steel S; ( . . . .  , zx) 

Steel N. 

the same creep strain. The amount of the sliding at the 
same creep strain was larger at lower stress in the same 
steel. It was dependent of the orientation of  each grain 
boundary. The fraction of sliding grain boundaries 
relative to total grain boundaries was less than about 
30%. The stress dependence of grain-boundary sliding 
in the two types of steel in the steady-state regime was 
almost identical, and was slightly less than that of  the 
steady-state creep rate. 
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