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Creep Behavior at 1273 K (1000 �C) in
Nb-Bearing Austenitic Heat-Resistant
Cast Steels Developed for Exhaust
Component Applications
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A series of Nb-bearing austenitic heat-resistant cast
steels with variations of N/C ratios were investigated,
and the morphological change of Nb(C,N) from faceted
blocks, mixed flake-blocks to ‘‘Chinese-script’’ was
observed as N/C ratios decreased. The creep behavior
of these alloys was studied at 1273 K (1000 �C), and the
longest creep life and lowest creep rate occurred in
model alloys with script Nb(C,N). Residual d-ferrites
and (Cr,Fe)23C6 were adverse to creep properties. This
work indicates that the control of N/C ratio is required
for the as-cast microstructural strengthening.
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To comply with more stringent environmental and
fuel consumption regulations being standardized glob-
ally, exhaust gas temperatures from gasoline power-
trains of automobiles are now reaching 1323 K
(1050 �C), resulting in the skin temperature of exhaust
components as high as 1273 K (1000 �C).[1] This leads to
a significant temperature increase of about 200 K
(200 �C) compared to the conventional standard.[2]

Exhaust manifolds and turbine housings made of cast
irons and ferritic steels are subjected to many failure
events under such stricter conditions, including
oxidation and creep cracks.[3] Thus, there is an urgent
demand from automobile industries to develop novel
and low-cost materials that are durable against these
increased temperatures.

Nb-bearing austenitic stainless steels are potential
candidates for developing novel alloys, owning to their
improved oxidation resistance and mechanical proper-
ties.[4] These steels are extensively used in energy
conversion systems, such as boiler/steam turbine power
plants, and demonstrate promising creep resistance at
temperatures near 1073 K (800 �C).[5] In the current
research, substantial efforts have been dedicated to
develop the cast grade of these steels, with improved
creep resistance at 1273 K (1000 �C). Three crucial alloy
design requirements are stabilizing the austenitic sin-
gle-phase matrix, strengthening grain boundaries and
interdendritic regions, and eliminating deleterious
aging-induced phases (r, Laves, etc.).[6–8] Economic
factors should also be considered so that a 20Cr-10Ni
type austenitic steel is selected, instead of a 25Cr-20/
30Ni (HK/HP type) steel which is more prevalently used
at high temperatures.[9] C and N, both of which are
powerful austenite stabilizers and Nb(C,N)-forming
elements, are introduced into the experimental alloys,
with variations of N/C ratio. As a result, a high volume
fraction of Nb(C,N) is expected to precipitate in the
matrix of these novel alloys.
To date, in contrast to extensive studies on the

strengthening effect of Nb(C,N) secondary precipitation
during creep tests, relatively limited research has been
conducted to investigate the strengthening effect
of primary Nb(C,N), a common primary phase in
cast steels.[4,10] Moreover, relevant investigations were
mainly carried out at temperatures lower than 1273 K
(1000 �C), due to previous lack of high-temperature
industrial requirements.[6,11] Although primary Nb(C,N)
may exhibit adverse effects on ductile fracture, its role in
creep behavior and strengthening remains unclear,
especially at temperatures above 1273 K (1000 �C).[12]
The objective of the current research is to investigate the
creep behavior in Nb-bearing austenitic heat-resistant
cast steels developed for exhaust component applica-
tions. Of particular interest is to explore an applicable
N/C ratio and as-cast microstructure for the improve-
ment of creep resistance at 1273 K (1000 �C).
A series of Nb-bearing austenitic cast steels with

variations of N/C ratio were designed and cast. The
overall (C+N) content was maintained at a constant
level (about 0.45 wt pct), except for alloy 2C4N with an
increased overall content (0.59 wt pct). The experimental
alloys were vacuum induction melted at China Iron &
Steel Research Institute Group (CISRI) with high-purity
raw metals (99.995 pct Fe, 99.98 pct Cr, 99.98 pct Ni,
99.999 pct Si, 99.5 pct Mn, 99.97 pct Nb, 99.999 pct C)
and alloy CrN (83.3 pct Cr, 15.24 pct N, 0.05 pct Fe,
0.05 pct C, 0.003 pct Si, 0.03 pct P, 0.04 pct S, and
0.53 pct O). They were cast into cylindrical ingots with
80 mm in diameter and weighing ~20 kg each. The
casting conditions were kept constant: pouring at
1823 K (1550 �C), followed by furnace cooling to
873 K (600 �C), then air cooling to room temperature.
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The chemical compositions of the experimental alloys
were quantitatively measured by NCS Testing Technol-
ogy Co., Ltd. and are listed in Table I. Creep specimens
were machined from the identical regions, about 5 mm
away from each ingot surface with the specimen axis
parallel to the ingot axis. These dog-bone specimens
with a gage length of 25 mm and a cross-sectional
diameter of 5 mm were used for creep rupture tests at
1273 K (1000 �C) and 50 MPa in air. The creep rupture
tests for each experimental alloy have been carried out
three times. Microstructural characterization was car-
ried out using a ZEISS Axio Imager optical microscope
(OM) and a ZEISS SUPRA 55 field emission-scanning
electron microscope (FE-SEM) in secondary electron
(SE) and backscattered electron (BSE) imaging modes.
The average grain size was determined by using the
standard linear intercept method. The area fraction of
precipitates was assessed by calculating the area ratio of
precipitates via the Image-Pro Plus software. The
number density of primary Nb(C,N) at grain boundaries
was estimated as the number of carbonitrides per unit
length of grain boundaries.

The typical creep strain and creep strain rate curves of
the experimental alloys as a function of time at 1273 K
(1000 �C) and 50 MPa are plotted in Figures 1(a) and
(b), respectively. Their average creep properties are
summarized in Table II. The creep lives of these alloys
are expressed in the descending order: alloys 4C0N,
3C2N, 2C4N, and 2C2N (Figure 1(a); Table II). Figure
1(b) suggests that alloys 3C2N and 4C0N exhibited an
extended secondary or steady creep with significantly
lower minimum creep rates. The secondary creep life in
alloy 3C2N accounted for about 16 pct of its total creep
life, whereas it increased to about 33 pct in alloy 4C0N.
In contrast, the creep rate in alloys 2C2N and 2C4N
dropped rapidly before a minimum value was estab-
lished, and then the rate continuously increased until the
specimen completely ruptured. Thus, the majority of
creep life in these alloys was spent in the tertiary creep.

Figures 2(a) through (d) show the optical images
showing the as-cast dendritic structure and the distri-
bution of precipitates formed during casting. It is worth
noting that the creep specimens of three alloys were
composed of equiaxed grains, with the exception of
alloy 3C2N. The average grain size of alloys 2C2N,
2C4N, and 4C0N was measured to be 984, 105, and
740 lm, respectively. For alloy 3C2N, the average width
and length of columnar grains were determined to be
677 and 2539 lm, respectively, with the grain growth
direction perpendicular to the load direction. Figure
2(a) illustrates the representative as-cast microstruc-
ture of alloy 2C4N, which was composed of austenitic
matrix and a uniform dispersion of blocky and faceted

precipitates within grains. The secondary dendritic
segregation was not observed in this alloy. In contrast,
alloys 2C2N, 3C2N, and 4C0N were composed of
austenitic dendrites and duplex interdendrites, regard-
less of the eutectic morphology (Figures 2(b) through
(d)). The average secondary dendrite arm spacing
(SDAS) was measured to be 47.8, 49.1, and 51.8 lm,
respectively. This confirmed the identical cooling rates
during casting.
SEM-BSE images of the interdendritic regions and

grain boundary areas are shown in Figure 3. The
observed phases were identified by the combination of
XRD and EPMA analyses. It is noted that the mor-
phology of primary Nb(C,N) in alloy 2C4N exhibited
blocky and faceted features, with occasionally lamellar
growth extensions (Figure 3(a)). Figure 3(b) reveals that
the interdendritic regions in alloy 2C2N consisted of
flake-blocky Nb(C,N) and coarse vermicular d-ferrites
(gray contrast), whereas the interdendritic regions in
both alloys 3C2N and 4C0N with relatively lower N/C
ratios were dominant by typical ‘‘Chinese-script’’
Nb(C,N) (white contrast, Figures 3(c) and (d)). There-
fore, based on the morphology of primary Nb(C,N),
three alloy models were established: blocky (alloy
2C4N), flake-blocky (alloy 2C2N), and script (alloys
3C2N and 4C0N). A remarkable change in Nb(C,N)
size was also observed, as well as the number density of
Nb(C,N) that decorated grain boundaries. The number
densities of Nb(C,N) at grain boundaries decreased in
the order of alloys 4C0N (208/mm), 3C2N (112/mm),
2C4N (76/mm), and 2C2N (67/mm). It is interesting to
note that the Nb(C,N) number density was proportional
to the creep life of these alloys. Despite of these distinct
differences in carbonitride morphology and number
density, the area fraction of Nb(C,N) in the alloys was
detected to be comparable (about 2.8 pct). The precip-
itation of cellular (Cr,Fe)23C6 and residual d-ferrites was
observed at grain boundaries in alloys 2C4N, 3C2N,
and 4C0N, with the overall area fraction [(Cr,Fe)23C6+
d] of 0.4, 1.4, and 1.1 pct, respectively (Figures 3(a), (c),
and (d)). However, the area fraction of (Cr,Fe)23C6 and
residual d-ferrites in alloy 2C2N (3.1 pct) were signifi-
cantly larger than those of the other alloys (Figure 3(b)).
In order to elucidate the failure mechanism that

profoundly relates to the tertiary creep, microstructural
evolution and creep crack propagation after creep
rupture tests were examined from a longitudinal view
(Figure 4). A majority of creep cracks was located near
the fracture surface and was associated with the forma-
tion of d-ferrites and (Cr,Fe)23C6. Figure 4(a) reveals
that creep cracks in the blocky model alloy 2C4N
propagated along grain boundaries. The precipitation
and linkage of secondary (Cr,Fe)23C6 at grain

Table I. Measured Chemical Compositions of the Experimental Alloys (Weight Percent)

Alloy Fe Cr Ni Si Mn Nb Ti S P C N N+C N/C

2C4N bal. 21.32 9.88 0.92 0.95 2.18 0.013 0.007 0.014 0.23 0.36 0.59 1.57
2C2N bal. 20.91 9.60 0.86 0.95 2.16 0.013 0.008 0.014 0.21 0.22 0.43 1.05
3C2N bal. 19.68 10.12 0.80 0.93 2.09 0.005 0.008 0.013 0.29 0.15 0.44 0.52
4C0N bal. 18.42 9.16 0.49 0.86 2.00 0.006 0.007 0.013 0.40 0.01 0.41 0
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boundaries during creep tests seemed to accelerate the
propagation of creep cracks. Figure 4(b) demonstrates
that the interface between d-ferrites and the austenitic
matrix in alloy 2C2N was overwhelmingly vulnerable to
crack. But unfortunately, these d-ferrites formed during
casting still remained stable even after creep exposure at
1273 K (1000 �C) for 15.3 hours. Figure 4(c) indicates
that the creep cracks in alloy 4C0N preferentially
nucleated and formed at (Cr,Fe)23C6 clusters, especially
at those near grain boundaries. On the contrary, the
primary ‘‘Chinese-script’’ Nb(C,N) appeared to retard
the formation of creep cracks at both interdendritic
regions and grain boundaries.

Creep rupture tests of the experimental alloys demon-
strate that the creep property strongly depended on the
as-cast microstructure. It suggests that longer creep lives
and lower minimum creep rates occurred in script model
alloys with relatively low N/C ratios. The current
microstructural characterization reveals that the varia-
tion of N/C ratio gave rise to changes in the solidifica-
tion path of the experimental alloys and subsequently
altered the as-cast microstructure, including the mor-
phology and distribution of primary Nb(C,N), the
quantity of residual d-ferrites and (Cr,Fe)23C6, and the
macro-grain structure. Indeed, all of these metallurgical
factors have affected the creep behavior of the experi-
mental alloys at 1273 K (1000 �C) with the similar
SDASs. Extensive studies have revealed that the forma-
tion of residual d-ferrites at grain boundaries is adverse
to oxidation and creep resistance at high tempera-
tures,[6,13] while increasing the grain size with irregular,
serrated grain boundaries will considerably improve the
resistance to creep cracks.[14] Zhu et al. recognized that
lamellar (Cr,Fe)23C6 at grain boundaries exhibited
superior creep resistance than blocky (Cr,Fe)23C6 during
creep tests at 1144 K (871 �C) in HK/HP steels.[15] Not
only these lamellar (Cr,Fe)23C6 played an important role
in preventing grain boundary sliding,[7,15] but they also
showed detrimental thermal instability at this tempera-
ture.[15,16] In the current research, the formation of
(Cr,Fe)23C6 was obviously inhibited by the formation of
Nb(C,N), which was of much higher thermal stability at

1273 K (1000 �C). As the strengthening effect of
(Cr,Fe)23C6 in HK40 steels, Nb(C,N) with different
morphologies and distributions is also expected to be an
important factor on the creep behavior of the experi-
mental alloys.
Alloy 2C2N (flake–blocky model) manifested the

worst creep resistance among all model alloys, in spite
of the largest equiaxed grain size (Figure 1(a)). The early
appearance of the tertiary creep after a small primary
creep strain indicates that this alloy has not been
effectively strengthened at 1273 K (1000 �C) (Figure
1(b)). Such property drop can be attributed to the
effect of residual d-ferrites, the amount of which was
overwhelmingly larger than that of the other alloys.
Residual d-ferrites are inherently weaker than the
austenitic matrix at temperatures higher than 1073 K
(800 �C).[17] This resulted in creep cracks prone to
nucleate and grow at the interface between d-ferrites and
the matrix, then propagate quickly until the specimen
completely fractured (Figure 4(b)). Moreover, the low-
est number density of primary Nb(C,N) at grain
boundaries correspondingly decreased the strengthening
ability at these areas. As a result, the creep rate
increased rapidly after the minimum value was estab-
lished. The deterioration of the creep property in alloy
2C2N implies the significance of stabilizing the austeni-
tic matrix.
When the N/C ratio was increased to 1.57, the overall

(C+N) content in alloy 2C4N (blocky model) sup-
pressed the formation of residual d-ferrites. However,
comparing with alloy 2C2N, only a slight improvement
of creep property was achieved in alloy 2C4N (Figure
1). The coarse blocky and faceted Nb(C,N) as well as the
extremely fine equiaxed grain size are presumed to be the
major limitations. The blocky Nb(C,N) are known to
precipitate at temperatures even higher than the liquidus
temperature of the alloy.[18,19] They acted as grain
refiners, leading to the refined equiaxed grain size
(Figure 2(a)). This refined grain size is adverse to creep
properties and consequently accelerated the failure of
this alloy. In addition, the coarse and blocky Nb(C,N)
with a sparser distribution along grain boundaries could

Fig. 1—Typical creep strain curve (a) and creep strain rate curve (b) of the experimental alloys as a function of time at 1273 K (1000 �C) and
50 MPa.
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not prevent grain boundaries from sliding. The signif-
icant precipitation and linkage of secondary (Cr,Fe)23C6

at grain boundaries made the creep property even worse.
Extensive studies on HK/HP steels have recognized that
creep cracks would preferentially develop at the inter-
face between (Cr,Fe)23C6 and the austenitic matrix.[16,20]

As a result, these (Cr,Fe)23C6 weakened the grain
boundaries through assisting the nucleation and prop-
agation of creep cracks along grain boundaries
(Figure 4(a)).

In comparison with alloys 2C2N and 2C4N, alloy
3C2N (script model) exhibited superior creep resistance,
particularly the presence of the secondary creep (Figure
1(b)). This is predominantly ascribed to the development
of the ‘‘Chinese-script’’ Nb(C,N) within the interden-
dritic regions. In general, interdendritic regions and
grain boundaries are well recognized as the weakness for
mechanical properties in cast alloys, since these last
solidified regions usually contain remarkable concentra-
tion of casting segregations and defects.[21,22] The

eutectic precipitation of primary ‘‘Chinese-script’’
Nb(C,N) with relatively small lamellar spacing strength-
ened these interdendritic regions. Moreover, the rela-
tively higher number density of Nb(C,N) at serrated
grain boundaries should make grain boundary sliding
more difficult and also increased the path for grain
boundary diffusion.[14] However, the columnar grains
perpendicular to the load direction in alloy 3C2N were
believed to hinder the further improvement of creep
resistance. The increased transverse grain boundaries
would facilitate the nucleation and coalescence of creep
cracks, thereby accelerating the onset of the tertiary
creep.
The longest creep life and the lowest creep rate

occurred in alloy 4C0N, which is a script model alloy
with the smallest N/C ratio (Figure 1). Compared to the
primary Nb(C,N) in alloy 3C2N, the ‘‘Chinese-script’’
Nb(C,N) in alloy 4C0N was more refined, with
decreased lamellar spacing of Nb(C,N) at the interden-
dritic regions and increased the number density of

Table II. Average Creep Properties of the Experimental Alloys Tested at 1273 K (1000 �C) and 50 MPa

Alloy Creep Life (h) Creep Strain (Pct) Minimum Creep Rate (910�8 s�1)

2C4N 19.5± 2.2 16.9± 4.3 44.1± 8.0
2C2N 12.1± 1.3 15.3± 3.9 67.6± 6.5
3C2N 47.5± 9.6 19.9± 1.1 7.2± 1.9
4C0N 94.8± 13.0 15.4± 1.0 1.8± 0.6

Fig. 2—Optical images of typical as-cast microstructures in alloys (a) 2C4N, (b) 2C2N, (c) 3C2N, and (d) 4C0N.
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Nb(C,N) at grain boundaries (Figure 3(d)). Therefore,
although the creep strengthening factors in alloy 4C0N
were similar to those in alloy 3C2N, the strengthening
ability was significantly improved. Furthermore, the
relatively large equiaxed grain size reduced the grain
boundary areas, thus beneficial to the creep property. As
a result, an extended secondary creep and long creep life
were obtained (Figure 1(b)). In addition, the amount of
cellular (Cr,Fe)23C6 that acted as direct crack source
during creep deformation (Figure 4(c)) should be
decreased to further improve the creep property.

To summarize, the creep behavior at 1273 K
(1000 �C) was investigated in a series of Nb-bearing
austenitic heat-resistant cast steels with variations of

N/C ratio. Under the identical casting conditions, a
morphology change of Nb(C,N) from faceted blocks,
mixed flake-blocks to ‘‘Chinese-script’’ occurred as N/C
ratios decreased. The script model alloys with the largest
Nb(C,N) number density exhibited the longest creep life
and the lowest creep rate among all experimental alloys.
The residual d-ferrites and (Cr,Fe)23C6 that were also
determined by N/C ratio were recognized to be signif-
icantly adverse to the creep property of these alloys at
1273 K (1000 �C), since they accelerated the nucleation
and propagation of creep cracks. This work indicates
that an optimum microstructural strengthening requires
the control of N/C ratio to lower than 0.52. More work
regarding the effect of N/C ratio on microstructures and

Fig. 3—SEM-BSE images of typical as-cast microstructures in alloys (a) 2C4N, (b) 2C2N, (c) 3C2N, and (d) 4C0N.

Fig. 4—SEM-BSE images of creep cracks close to the fracture surface in gage position after creep rupture tests at 1273 K (1000 �C) and 50 MPa
in air: (a) alloy 2C4N, (b) alloy 2C2N, and (c) alloy 4C0N.
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mechanical properties using the computational thermo-
dynamic calculations will be published elsewhere.
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