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Improvement of creep-fatigue life by the
modification of carbide characteristics through
grain boundary serration in an AISI 304
stainless steel
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The modification of carbide characteristics through grain boundary serration and its
subsequent effect on the creep-fatigue property at 873 K have been investigated, using an
AISI 304 stainless steel. It was found that the grain boundaries are considerably serrated
when a specimen is furnace-cooled. The grain boundary serration leads to a change in the
carbide characteristics as well as grain boundary configuration, i.e., morphology of carbide
from an acute triangular to a planar form and a lowered density. Additionally, an array of
carbide particles is changed from a consistent to zigzag pattern, in terms of their preference
to one grain to share the coherency. Planar carbides on serrated grain boundaries have a
lower interfacial energy than that of triangular carbides on straight grain boundaries. It is
suggested that the modification of carbide characteristics through the grain boundary
serration has a remarkable influence on the improvement of creep-fatigue resistance.
C© 2003 Kluwer Academic Publishers

1. Introduction
Austenitic stainless steels are of interest as struc-
tural materials for elevated temperature applications in
power generation and chemical industries. For these
applications, components of a structure are subjected
to complex stress-loading cycles at high temperature.
Thus, understanding of the damaging process of
high temperature creep-fatigue failure is of great im-
portance to the optimum design of the components for
improvement of reliability.

It has been well established that grain boundary
cavitation is the most serious damage mechanism of
austenitic stainless steels under creep-fatigue interac-
tion conditions [1–6]. The carbides at the grain bound-
aries provide preferential sites for cavity nucleation
owing to stress concentration during the fatigue cycle
[2–6]. Hence, these carbide characteristics, such as dis-
tribution, density and morphology, etc., should be con-
sidered as important factors to determine creep-fatigue
property. Yoon and Nam [4, 5] confirmed that a higher
density of carbide is more likely to lead to shorter creep-
fatigue life and a higher cavity nucleation factor, P ′.
Careful observations also inform that different carbide
shapes and distribution between 304 and 316 stainless
steels resulted in different types of fractured surfaces
as a result of different cavitation behaviors [7, 8].

∗Jointly appointed at the Center for the Advanced Aerospace Materials, Pohang University of Science and Technology, San 31 Hyoja-dong Nam-gu,
Pohang, 790-784, South Korea.

Recently, the present authors [9] found that grain
boundary serration in 316 stainless steel occurs in an
early stage of the aging treatment prior to the M23C6
carbides precipitation. Moreover, they emphasized that
the grain boundary serration strongly affects the density
of carbide and its morphology. It was suggested that
modified grain boundary carbides may be favorable
for the cavity resistance of austenitic stainless steels
during creep-fatigue conditions. An explanation on
the mechanism for the occurrence of grain boundary
serration in the view of thermodynamics has been
proposed by the authors [10]. The occurrence of grain
boundary serration originates from the minimization of
total free energy of a material at a given temperature,
and the serrated grain boundaries can be considered as
the stable configuration formed at a lower temperature
while the straight grain boundaries are that at a higher
temperature.

This proposed mechanism for the grain bound-
ary serration is fundamentally different from ones
in the Ni-base superalloys [11, 12] in the viewpoint
that the serration occurs spontaneously without the
presence of precipitates. However, further investiga-
tion should be made to identify the grain bound-
ary microchemistry after serration [12] so that the
more systematic and reliable mechanism for the
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grain boundary serration of 316 stainless steel can be
proposed.

It has been reported that no grain boundary serra-
tion occurs in 304 stainless steel so that acute trian-
gular carbides formed on the straight grain boundaries
are predominant [13]. In this study, a modified heat
treatment for an AISI 304 stainless steel to obtain ser-
rated grain boundaries is proposed and applied. The
dependency of carbide characteristics on grain bound-
ary serration is discussed. Furthermore, the effect of
the modification of carbide characteristics through the
grain boundary serration has been investigated in terms
of the improvement of creep-fatigue resistance.

Early studies simply concentrated on the correlation
of grain boundary configuration with the creep or fa-
tigue property, without considering the characteristics
of precipitates on grain boundaries [14–16]. They stated
that the improvement of creep or fatigue strength was
directly related with the retardation of grain boundary
sliding in terms of the serrated grain boundaries. How-
ever, it is shown in this investigation that there is little
indication that grain boundary sliding is prevailing.

2. Experimental procedure
2.1. Heat treatment design for the grain

boundary serration
The chemical composition of the investigated AISI 304
stainless steel is given in Table I. The steel shows tri-
angular carbides on the straight grain boundaries as
long as it is conventionally heat-treated (304-T), as
shown in Fig. 1a. In order to have the occurrence of
grain boundary serration, several required conditions
can be proposed on the basis of previous results [9, 10]:
Grain boundary carbide precipitation should be re-
tarded as much as possible, since carbide particles may
inhibit the boundary movement as pinning points (note
that the grain boundary serration occurs prior to carbide
precipitation); Sufficient temperature and time should
be provided for the grain boundaries to move easily; A
thermal equilibrium state should be continuously main-
tained during cooling from a higher solution to a lower
aging treatment temperature, since grain boundary ser-
ration is known to occur spontaneously [10, 17, 18].

The above conditions can be simultaneously satis-
fied by cooling the specimen as slowly as possible dur-
ing the heat treatment. Thus, a modified heat treatment
was designed to have the occurrence of grain bound-
ary serration, as shown in Table II. The modified heat-
treated steel has planar carbides on the serrated grain
boundaries (304-P), as shown in Fig. 1b. This finding
indicates that the grain boundaries are considerably ser-
rated when a specimen is furnace-cooled. Fig. 2 shows
the sequential development of grain boundary serration
and subsequent carbide precipitation.

T ABL E I The chemical composition of the investigated AISI 304
stainless steel

C Si Mn P S Cr Ni Mo

0.077 0.5 1.5 0.02 0.016 18.2 8.3 0.2

All in wt%.

TABLE I I Heat treatment of steel

Specimens Heat treatmenta

304-T (conventional) 1323 K/1 h/WQ + 1033 K/50 hr/WQ
304-P (modified) 1323 K/1 h → FC → 1033 K/50 h/WQ

Both the steels have a same grain size of about 50 µm after the heat
treatment.
aWQ: water-quenched (∼360 K/sec), FC: furnace-cooled (∼4 K/min).

Figure 1 SEM micrographs showing the grain boundary carbides:
(a) triangular carbides on the straight grain boundary (304-T) and
(b) planar carbides on the serrated grain boundary (304-P).

2.2. Microstructures characterization
The characterization of grain boundary misorientation
and the orientation relationship between a carbide and
two neighboring grains were carried out in a scan-
ning electron microscope (SEM) Philips XL30 field
emission gun (FEG) utilizing electron backscattered
diffraction (EBSD) technique. A transmission elec-
tron microscope (TEM) was used to obtain crystallo-
graphic features (Jeol JEM-3010 operating at 300 kV).
TEM foils were prepared by the twin-jet method using
5 vol% perchloric acid + 95 vol% acetic acid at 288 K,
30 V.

2.3. Low cycle fatigue testing
Round specimens with a diameter of 7 mm and a
gauge length of 8 mm were used to conduct total
strain-controlled creep-fatigue tests, with a strain rate
of 4 × 10−3/s in air atmosphere at 873 K. The hold time
at the tensile peak strain was 10 min. All the data in-
cluding the hysteresis loop energy were recorded using
a computer data acquisition system.
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Figure 2 The sequential development of grain boundary serration and subsequent carbide precipitation: (a) after solution-treated (1323 K/1 h/WQ),
(b) after furnace-cooled to 1033 K and aged for 5 min, (c) after furnace-cooled to 1033 K and aged for 15 min, and (d) after furnace-cooled to 1033 K
and aged for 3 hr.

3. Results and discussion
3.1. Comparison of carbide characteristics

(the dependency of carbide
characteristics on the grain
boundary serration)

As shown in Fig. 1, it is observed that the carbide mor-
phologies are triangular in 304-T and planar in 304-P.
The linear densities of the carbides, which were mea-
sured by an image analyzer with SEM micrographs,
are 2.6 × 103/cm in 304-T and 0.7 × 103/cm in 304-P,
respectively. These different carbide characteristics be-
tween the two steels are attributed to the grain boundary
serration. Thus, it can be said that the grain boundary
serration leads to a change in the carbide characteristics
as well as grain boundary configuration, i.e., morphol-
ogy from an acute triangular to a planar form and a
lowered density of carbides.

Trace analysis was used to identify the interfaces of
the carbides in the two steels. The result is shown in
Fig. 3. A coherent carbide interface was revealed to
be (111̄) in both steels, while the incoherent interfaces
were different, i.e. (200) and (022̄) in the case of 304-T

Figure 3 TEM micrographs showing the interfacial planes of the grain boundary carbide: (a) 304-T and (b) 304-P.

and (111̄) in 304-P. It is noteworthy that the incoher-
ent interface of planar carbide in 304-P is observed to
be exactly parallel to the coherent interface, i.e. (111̄).
It is expected that the planar carbides of 304-P pos-
sess a lower interfacial energy than that of the triangu-
lar carbides of 304-T, since they have a lower indices
of interfaces, associated with the closely packed plane
[13, 19]. Therefore, planar carbides may be favorable
for cavitation resistance.

EBSD technique was used to investigate the orien-
tation relationship between a carbide particle and two
neighboring grains. Comparison of the array of carbide
particles between the two steels was made in terms of
their preference to one grain in order to share the co-
herency. Fig. 4a shows representative triangular car-
bides at the straight grain boundary. It can be seen that
all the carbides are in parallel orientation to grain 1.
From all the Kikuchi patterns obtained from the indi-
vidual carbide particles (identified by ‘1’), it is clearly
identical to that of grain 1. On the other hand, in the
case of planar carbides formed at the serrated grain
boundary, as shown in Fig. 4b, some carbides are in
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Figure 4 Comparison of the array of carbide particles in terms of their preference to one grain in order to share the coherency: (a) 304-T and
(b) 304-P. Note the Kikuchi patterns illustrating each carbide oriented parallel to grain 1 or grain 2.

parallel orientation with grain 1 and some with grain 2
even though they precipitate at the same grain bound-
ary. From these results, it can be confirmed that grain
boundary serration leads to the development of an array
of carbide particles from a consistent to zigzag pattern,
as well as influencing carbide density and morphol-
ogy. Additionally, it can be known that grain bound-
ary carbides of 304 SS can be modified to be sim-
ilar with those of 316 SS [9] by the introduction of
serration.

3.2. Comparison of tensile properties
Table III shows the results of tensile tests at 873 K
for the two steels. Both steels have almost similar ten-
sile properties. This implies that carbide modification
through the grain boundary serration has little influence
on the fundamental mechanical properties.

3.3. Comparison of creep-fatigue
resistances

Fig. 5 shows a comparison of low cycle fatigue resis-
tances of both steels at 873 K. Under continuous fa-
tigue tests, the two steels show similar fatigue resis-
tance. This result is understood to be because of the
fact that the major fatigue damage under this condi-
tion is surface crack formation and its transgranular
propagation. However, under creep-fatigue conditions,
where the main damage is known to be grain bound-
ary cavitation, the life of 304-P is almost twice as long

TABLE I I I Summary of tensile properties of the two steels at 873 K

Specimens YS (MPa) UTS (MPa) Elongation (%)

304-T 149 379 40.0
304-P 153 383 39.6
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Figure 5 Comparison of low cycle fatigue resistances of the two steels
at 873 K.

as that of 304-T. This indicates that the creep-fatigue
resistance of 304 stainless steel can be remarkably im-
proved by the introduction of grain boundary serration
and the subsequent modification of carbide character-
istics. This result is also consistent with earlier studies
finding that grain boundary cavitation is the main dam-
age process in austenitic stainless steels under tensile
hold creep-fatigue interaction conditions, and this cav-
itation behavior (or creep-fatigue property of a given
material) is closely related with the characteristics of
grain boundary carbides.

After the creep-fatigue tests, the specimen gauge was
sectioned in a longitudinal direction parallel with the
stress axis. Fig. 6 shows the microstructures of the two

Figure 6 Longitudinal sections showing the grain boundary carbides
and cavities after the creep-fatigue test: (a) 304-T and (b) 304-P. Cavities
are indicated by ‘c’.

steels. It is seen that the array of cavities formed on the
interfaces of carbide particles is consistent to one side
in 304-T while it forms on either side in 304-P. This
result can be explained by the fact that the two steels
have different arrays of coherent interfaces of carbides,
as stated earlier.

Figs 7 and 8 show the fractured surfaces of 304-T
and 304-P, respectively. The pair of grain boundary
facets matches together. In the case of 304-T, it is clear
that only cavities are observed on one side of the grain
boundary facet (Fig. 7b), and only carbides on the op-
posite side of the grain boundary facet (Fig. 7d). Each
cavity corresponds with each carbide in a one to one
manner. On the other hand, in the case of 304-P, the
grain boundaries consist of facets containing steps, as
clearly shown in Fig. 8. It is observed that carbides and
cavities coexist on one side of the grain boundary facet
(Fig. 8b or d).

3.4. Comparison of cavity nucleation
factor, P′

Recently, Nam et al. [4, 5] proposed a life prediction
model, which can predict the accurate fatigue life un-
der creep-fatigue condition in materials whose failure
is controlled by grain boundary cavitational damage.
It is also observed that the prediction model is appli-
cable to this present work because of the good agree-
ment between experimental and predicted lives. This
model rationalizes that vacancies are formed ather-
mally by plastic deformation during fatigue cycle and
cluster to form cavities at the grain boundaries. Also,
it is assumed that the number of cavities in a cycle
is proportional to the plastic strain range. Therefore,
the number of nucleated cavities during cyclic load-
ing per unit area of grain boundary, n, is formulated
to be

n = P ′�εp N (1)

where P ′, �εp and N are the linear constant for cavity
nucleation, the plastic strain range, and the number of
cycles, respectively. They suggested that P ′, the cavity
nucleation factor, is regarded as the ease of cavity nucle-
ation and verified that smaller P ′ value results in more
retardation of cavitation to increase creep-fatigue resis-
tance. Moreover, the P ′ value of each steel is associated
with the characteristics of grain boundary precipitates
(density and morphology) acting as cavity nucleation
sites.

Using this concept, comparison of the cavity nu-
cleation factor, P ′, for this investigation is made for
the two steels. The values of P ′ are evaluated to be
4.7 × 1012 m−2 in 304-T and 2.9 × 1012 m−2 in 304-P.
It is found that 304-P has a lower P ′ value than that
of 304-T. This result is closely related with the differ-
ence in creep-fatigue lives, i.e., 304-P shows almost
twice-longer life than that of 304-T. This implies that
the carbide modification through the grain boundary
serration, which can be quantified as P ′ value, leads to
improvement of cavitation resistance for the enhance-
ment of creep-fatigue property.
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Figure 7 SEM micrographs showing a pair of fractured surfaces of 304-T after the creep-fatigue test (T = 873 K, �εt = ±2.0%, th = 10 min):
(a) cavities on one side of the grain boundary facet, (b) highly magnified observation of (a), (c) carbides on the other side of the grain boundary facet,
and (d) highly magnified observation of (c).

Figure 8 SEM micrographs showing a pair of fractured surfaces of 304-P after the creep-fatigue test (T = 873 K, �εt = ±2.0%, th = 10 min):
(a) low magnification of one side of the grain boundary facet, (b) highly magnified observation of (a), (c) low magnification of the other side of the
grain boundary facet, and (d) highly magnified observation of (c). Note that carbides and cavities coexist on the same grain boundary facet. The grain
boundaries consist of facets containing steps.

4. Discussion
The creep-fatigue life of 304 stainless steel at 873 K is
remarkably improved by the introduction of the mod-
ified heat treatment for the grain boundary serration.
The grain boundary serration involves a change of car-
bide characteristics as well as boundary morphology.
Thus, we need to make it clear which one is the main
contribution to the improvement of creep-fatigue resis-
tance, i.e., the modification of grain boundary carbides
or the serrated grain boundary itself.

Many researchers [14–16] demonstrated that the im-
provement of creep or fatigue strength resulted from

the retardation of grain boundary sliding in terms of
the serrated grain boundaries. Consequently, they sim-
ply concentrated on the correlation of grain boundary
configuration with the creep or fatigue property. In this
study, the presence of damage from grain boundary slid-
ing is considered first.

It has been well known that stress concentrations can
be produced at the particle/matrix interface when slid-
ing occurs in a boundary containing second phase parti-
cles [20]. Under this situation, in which grain boundary
sliding is the main damage process for grain bound-
ary cavitation, maximum cavitation will occur on those
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grain boundaries oriented so as to experience the great-
est shear stress, i.e., boundaries at angles of approxi-
mately 45◦ with respect to the stress axis.

However, in this investigation it is observed that the
boundaries, which are perpendicular to the stress axis,
are more susceptible to cavitational damage than the
ones inclined to the stress axis in both steels subjected
to a creep-fatigue test (T = 873 K, �εt = ±2.0%, hold
time at the tensile peak strain = 10 min), as shown in
Fig. 9. Fig. 10 shows the angular distribution of the cav-
itated grain boundaries with respect to the stress axis.
The examined area was a gauge section of a specimen
and the count criterion was that the cavitated length of
a grain boundary should be more than 10 µm. From
Fig. 10 it can be seen that the level of cavitation is
definitely highest on boundaries making an angle of
around 90◦ with respect to the stress axis. This seems
to be different with previous investigations reporting
that grain boundary sliding is important in the cavitation
process. Furthermore, wedge cracks and elongated cav-
ities, which are frequently observed at the grain bound-
aries or triple junctions when grain boundary sliding
actively occurs, were rarely observed in this investiga-
tion (see Fig. 6). Several researchers [21, 22], as well
as the present authors, have shown that under com-
pressive hold creep-fatigue interaction conditions, no
cavitational damage can be found on grain boundaries,
resulting in almost no reduction of life when compar-
ing continuous fatigue life. Nam et al. [6] found no
sign of grain boundary sliding from the result that there
was no shift of straight lines across the grain boundary.
Therefore, from these series of results, it can be con-
firmed that there is little indication that cavity forma-
tion is mainly due to the grain boundary sliding. From
this finding, it is to be expected that the improvement
of creep-fatigue resistance by serration would largely

Figure 9 Longitudinal sections showing the grain boundaries of
(a) 304-T and (b) 304-P after the creep-fatigue test. Cavitational damage
is much more pronounced on the perpendicular grain boundary than the
inclined ones in both steels.

Figure 10 Angular distribution of cavitated grain boundaries with re-
spect to the stress axis: (a) 304-T and (b) 304-P.

result from the modification of grain boundary carbides
rather than grain boundary configuration.

Further evidence to support the above mentioned ar-
gument is presented by conducting a special experi-
ment. One specimen having straight grain boundaries
without carbides (see Fig. 2a) and another having ser-
rated grain boundaries without carbides (see Fig. 2b)
were prepared. Creep-fatigue tests were then conducted
at 873 K, using these two kinds of steels. The results are
summarized in Table IV. Both steels show almost sim-
ilar creep-fatigue properties except that the specimen

TABLE IV Summary of creep-fatigue properties of the two steels,
which contain no carbides before the test. The values (except the life)
were taken at the half cycles of failure

Hysteresis Cycles
�σmax �σmin

∫
σdt loop area to

Specimens (MPa) (MPa) �εp (MPa · sec) (MJ/m3) failure

Straight GBs 331 −351 0.0217 125431 13.1 201
Serrated GBs 329 −347 0.0226 124710 12.8 253
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Figure 11 Longitudinal sections showing the grain boundary carbides
and cavities after the creep-fatigue test: (a) specimen having straight
grain boundaries and (b) specimen having serrated grain boundaries.
Note that the carbide size and morphology are observed to be similar in
both the steels.

having serrated grain boundaries has somewhat longer
life than the one having straight grain boundaries. How-
ever, the difference in life between the two steels ap-
pears to be not so significant when comparing the extent
of improved life obtained from 304-T and 304-P (304-P
has 2 times longer life than that of 304-T). During the
creep-fatigue test, the carbides precipitate dynamically
on the grain boundaries in both steels. It is generally
accepted that these carbides formed dynamically at the
early stage of cycles provide the preferential site for
cavity nucleation [6]. Fig. 11 shows the longitudinal
sections of the two steels after the test. The dynami-
cally formed carbides of both steels are seen to be the
same in terms of distribution and morphology, regard-
less of grain boundary shape. Thus, it is concluded that
the improvement of creep-fatigue resistance cannot be
remarkably attained only by the grain boundary shape
effect without considering the modification of carbide
characteristics.

5. Conclusion
1. The modification of carbide characteristics (den-

sity, morphology and array) through grain bound-
ary serration can be obtained by furnace-cooling heat
treatment.

2. Grain boundary serration leads to a change in the
carbide characteristics, i.e., morphology from an acute
triangular to a planar form, lowered density and an ar-
ray of carbide particles from consistent to zigzag pattern

when carbides prefer to one grain in order to share co-
herency. Planar carbides on serrated grain boundaries
have a lower interfacial energy than that of triangular
carbides on straight grain boundaries.

3. The creep-fatigue resistance can be remarkably
improved by the modification of carbides through grain
boundary serration. This result is understood in light of
that the modified carbides, whose interface energy is
lower, have higher cavitation resistance, resulting in the
retardation of cavity nucleation and growth to increase
creep-fatigue life.

4. It is confirmed that the cavity nucleation factor,
P′ value, is closely associated with the characteristics
of grain boundary carbides (density, morphology and
array) acting as cavity nucleation sites.

5. This modified heat treatment procedures proposed
in this investigation can be directly applied to the prac-
tical industrial use.
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