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Abstract

The Monkman-Grant (M-G) and its modified parameters were estimated for modified type 316LN and 9~ 12Cr-1Mo
steels with chemical variations. Several sets of creep data were obtained by constant-load creep tests in 550-650°C
ranges. The relation parameters, m, m', C and C" were proposed and discussed for two alloy systems. In creep fracture
mode, type 316LN steel showed dommatlon of the intergranular fracture caused by growth and coalescence of cavities.
On the other hand, the Cr-Mo steel showed transgranular fracture of the ductile type caused from softening at high
temperature. In spite of the basic differences in creep fracture modes as well as creep properties, the M-G and its
modified relations demonstrated linearity within the 2c standard deviation. The value of the m parameter of the M-G
relation was 0.90 in the 316LN steel and 0.84 in the Cr-Mo steel. The value of the m’ parameter of the modified relation
was O 94 in the 316LN steel and 0.89 in Cr-Mo steel. The modified relation was superior to the M-G relation because
the m’ slopes atmost overlapped regardless of creep testing conditions and chemical variations to the two alloy systems.

L Introduction power plants are operated at high temperatures, one of

Type 316 austenitic stainless steels are the candidate  the most critical factors in determining the integrity of
material for structural components in fast breeder reactor  their components is creep behavior {10].
(FBR) because of their

mechanical properties. Especially, designed ‘LN’ grade

good high-temperature In order to design creeping materials, it is essential to

achieve reliable long-term test data beyond its design life.

containing both low carbon (0.03C wt.%) and an However, these long-term data are not available for all of

appropriate amount of nitrogen (0.1N wt. %) is superior ~ mainy materials, and to obtain them is time-consuming

in creep resistance to ‘L’ grade of low carbon|1-6]. Also, ~ Work and expensive. So, design of creep components can

9~12Cr-1Mo (hereafter Cr-Mo) martensitic stainless be carried out by extrapolation of short-term creep data

steels are the prospective material for nuclear fuel  to approximate the long-term behavior, if plots of creep

cladding tube, nozzle and flow piping in liquid metal data yield reasonable straight lines. Its method is often

reactor (LMR) because of higher thermal fatigue strength cheaper and more convenient to conduct stress-rupture

and oxidation resistance than austenitic stainless steels tests than long-term creep tests, and it would be very

[7-9]. Since these structural components of nuclear useful if creep strength could be estimated from rupture

strength with sufficient accuracy for design purposes. So
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far, one of the most commonly used methods is known as
Monkman and Grant (hereafter M-G) relation [11-12]. It
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showed empirically that a log-log plot of time to rupture ,
t,versus steady-state creep rate(or minimum creep rate),

£, results in a straight line
logt, + mlogé, =C Q)]

where m and C are material parameters. The practical
importance of the M-G relation is considerable, if
knowing the parameter m and C, rupture time can be
assessed on the basis of steady state creep rate. This can
substantially shorten long-time testing of heat-resistance
materials, since the time to reach the secondary stage
usually comprises only a small portion of time to rupture.

As a further empirical relation of eqn.(1), the modified

relation has been proposed in terms of the total strain at
rupture, £, and new parameters m and C". Eqn.(2)

reduces the stress and temperature dependence,

introducing the creep strain at rupture {13].

log(:—') +m’logé, =C" @
The exponent m’ is close to unity and C” is temperature
independent. Later, the validity of this modified M-G
model was found to be in excellent agreement with creep
rupture experiments on a few materials ; 2.25 Cr-1 Mo
steels, martensitic zirconium alloys and 25Cr-20Ni
austenitic stainless steel, etc [11-13]. However, as yet,
the practical estimation of the M-G and its modified
relations for type 316LN and the Cr-Mo stainless steels,
which are prospective as candidate materials of FBR and
LMR, has not been established by others, and the creep
data or the parameters for two alloys are insufficient.

The purpose of this work is to estimate the M-G and
its modified parameters for type 316LN and the Cr-Mo
stainless steels and to propose their applicability. For this
purpose, several sets of creep tests are conducted with
chemical variations for the two alloy systems, and creep

fracture micrographs are observed to define its fracture

mode related to applicability of the relations.

2. Experimental procedures

Laboratory ingots of the 316LN and the Cr-Mo alloys
were prepared by vacuum induction melting(VIM), and
the chemical compositions for two alloy groups are given
in Table 1. Every alloy of the 316LN stainless steel
contains around 0.1wt. % nitrogen instead of 0.03wt.%
low carbon, and each alloy of the Cr-Mo stainless steel is
different in minor elements such as vanadium(V),
niobium(Nb) and tungsten(W). The ingots were annealed
at 1150°C and for 2 hr in an argon atmosphere and
reduced to 15 mm by a hot rolling process. In heat
treatment, the 316LN was solution annealed at 1100°C
for 1 hr and water quenched. The Cr-Mo steel was heat
treated by normalizing and tempering. Normalizing was
held at 1050 °C for 1 hr and air cooled, and tempering at
750 °C for 2 hr and then air cooled.

Creep specimens were taken as the rolling direction
and machined to be cylindrical with a 30 mm gage length
and 6 mm diameter. The gage sections of the specimens
were polished using 1000 grit sand paper with strokes
along the specimen axis. Several sets of creep tests were
conducted for the 316LN and the Cr-Mo steels using
constant-load machines with a 20/1 lever ratio. The test
temperature was maintained constantly within 32 °C
during the period of the test. Before starting the test, all
specimens were held at the test temperature for 1 hr. All
creep test procedures were followed according to ASTM
standard; E139-83 [14].

automatically by personal computer or mechanically by

Creep data were taken

the extensometer gage, attached with a precise dial
indicator.

After testing, the microstructure for each specimen
was examined for fracture surfaces, cavities, and
precipitates using scanning electron microscopy (SEM)
and optical microscopy (OM). Preparation of the OM

specimens is as follows. A small fraction of the crept



specimens was taken from the center part of the gage
section along stress axis. And the etching in type 316LN
steel followed in mixed solution for 5 minutes ; 10 %
hydrochloric acid + 15 % acetic acid + 10% nitric acid +
65 % distilled water and in the Cr-Mo steel followed in
the mixed solution for 10 seconds ; 2% hydrofluoric acid

+ 2% nitric acid + 96% distilled water.

3. Results and Discussion

3.1. Creep curves and parameters
Steady-state creep rate and time to rupture data are
generally used to analyze or identify deformation

processes controlling the creep as a function of the
temperature and stress; s = f (0,T)and 7, =g

(o, T). The dependence of the creep rate on applied
stress can be written as power law (or Norton’s law) eqn.
(3), which can be characterized by the parameter of
sensitivity of steady-state creep rate to applied stress, n’

which is defined as eqn. (4).

&, =Aag” 3)
n,=(alné5) (4)
olno ),

Where 4 is a constant at a given temperature and # is
stress exponent. For temperature and stress conditions in
this work, if using a creep deformation map which
illustrated by homologous temperature, T/T, and
normalized stress regime, the governing deformation of
the two alloy systems was corresponded to dislocation
creep which yields power law of stress dependence. Such
a creep deformation is taken place by movement of
dislocation [15-16]. Thus, stress exponent, » in this work
can be written as n = n’, and it can be optimized by
power-law eqn. (3). The » values of type 316LN alloy
groups were investigated to range from 7.3 to 8.0,
although a small gap was generated with testing

temperatures, stresses, and chemical variations. This

value was similar to the results of » = 7.9 reported by
Frost and Ashby in commercial type 316 stainless steel at
650°C [17]. And the n values of the Cr-Mo martensitic
stainless steel were investigated to be greater than 20 at
600°C and 10 at 650°C. Those values among the 9A, 9M,
9MW and 9MN specimens were changed significantly
with temperature conditions, that is, the » value at 650°C
was higher than that at 600°C. This means that the creep
strength at higher temperature was reduced because the »
value at 650°C decreased. It is believed that thermal
stability at high temperature decreased such like
microstructures of precipitates and dislocations. The »
exponent has been known as from 4 to 5 typically for
dislocation creep in pure metal, and as much greater than
10 in precipitation and dispersion strengthened metallic
materials [11,18]. As knowing from the results, the n
value of the Cr-Mo steel was higher than that of the
316LN steel, but its creep rupture time was low inversely.

Figure 1 shows typical creep-rupture curves of type
316LN and the Cr-Mo stainless steels. Creep strain in
this figure indicates the different value between creep
strain, & and instantaneous strain, &,. Steady-state creep
rates at secondary region as well as total elongation at
rupture between two alloy groups were different
significantly. Most rupture time in the Cr-Mo steel was
occupied with the second stage creep, and its steady-state
creep rate was much lower than that of type 316LN
stainless steel. However, time to rupture of the Cr-Mo
steel was shorter than that of the 316LN steel. This
means that the Cr-Mo steel is inferior in creep ductility
to the 316LN steel, and most of creep strain was
suddenly propagated near to time to rupture. This for the
Cr-Mo steel is closely related to material softening at
high temperature, which caused by a localized neck of
ductile fracture leads to a geometric instability. Thus,
two alloy systems are assumed to be some difference in
fracture types. The detail discussion for this will be

followed in 3.4 section.
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Fig. 1 Typical creep curves for type 316LN and the

Cr-Mo stainless steels

3.2. The M-G parameters

Figures 2 and 3 show the log-log plot of time to
rupture vs. steady-state creep rate for the 316LN and the
Cr-Mo steels. The dotted lines represent the 20 standard
deviation consisting of 95% prediction upper and lower
limits on the basis of time to rupture (y-axis). Solid line
in each plot represents a mean value of the 2¢ standard
deviation. By analogy to the linear eqn.(1) of the first
order, each plot of the 316LN and the Cr-Mo steels
showed linearity within the 2c standard deviation. The
20 standard deviation was 0.12758 in the 316LN steel,
and 0.07613 in the Cr-Mo steel. Thus, the 26 standard
deviation of the 316LN steel was a wider trend than that
of the Cr-Mo steel. This is due to variety in chemical
compositions of the 316LN steels (6 kinds) comparing
with the Cr-Mo steels (4 kinds), as seen in Table 1.

Figure 4 shows the slope m curve of time to rupture
versus steady-state creep rate for the 316LN and the Cr-
Mo steels. Each slope reveals a linear regression for two
alloy groups. The m parameters were found to be a slight
difference for two alloy systems, that is, m = 0.90 in the
316LN steel and m = 0.84 in the Cr-Mo steel. Exponent
m has been reported to range about 0.8 to about 0.95 and
the parameter C depends on temperature. Although two

alloy systems showed highly different values in the »

or Aparameters due to time to rupture and creep
ductility, the m values of the M-G relation did not vary
largely in the reported range. This satisfies clearly the M-
G relation regardless of chemical variations to the two
alloy systems. In the figure, the steeper slope (higher m
value) means better creep resistance, so the 316LN steel
is superior in creep life to the Cr-Mo steel. The computed
values of parameters m, m', C, C" and the 2o standard

deviation are given in Table 2.
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Fig. 2 Rupture time vs. steady state creep rate under
different stresses and temperatures for type

316LN stainless steel
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Fig. 3 Rupture time vs. steady-state creep rate under
different stresses and temperatures for the Cr-
Mo stainless steels

-226-



10 T —r— — T ™
10 F 4
. Type 316LN
o 10" F . austenitic 5.8 J
] sm =090
) /
-t .
9~12Cr-1Mo
10° martenitic S.5 J
Tmo=0.84
10° F 3
. . " " "
1€-10 1E-9 1E-8 1E-7 1E-§ 1E-§

, -1
& ,sec

Fig. 4 Comparison of rupture time vs. steady-state creep
rate for type 316LN and Cr-Mo stainless steels

3.3. Modified M-G parameters

Figures 5 and 6 show the log-log plot of time to
rupture over elongation at rupture (#/¢,) versus steady-
state creep rate for the 316LN and Cr-Mo steels,
respectively. Data points fit linearity within scatter band
of the 2o standard deviation. In the values of the 2o
standard deviation, the 316LN steel was wider because
of variety in chemical variations, and the modified
relation was higher than that of the M-G relation.
However, the values of two relations were approximately
similar. In addition, the intercept C and C" values on the
M-G and modified relations differ highly between two
alloy systems. The C* value of the Cr-Mo steel was
changed into positive value of 0.1244. This means that
rupture elongation of the Cr-Mo steel was relatively
lower than that of the 316LN steel.

Figure 7 shows the comparison of the slope m” in
relation to #, /&, versus steady-state creep rate for the
316LN and the Cr-Mo steels. For a given creep rate it
can be seen in this figure that the 316LN steels have a
greater time to rupture than the Cr-Mo martensitic steels.
The value of the slope m” was 0.94 in the 316LN and
0.89 in the Cr-Mo steel. Such a difference of the slopes
obtained for the Cr-Mo martensitic and type 316LN

austenitic stainless steels is considered that these two
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Fig. 6 Modified relation between #/¢, andz under

different stresses and temperatures for the Cr-
Mo stainless steel.

alloy systems have the different range of ductility values
at fracture and differ mainly in crystal structure. But the
m’ slopes in this figure overlapped nearly regardiess of
chemical variations as well as testing conditions of two
alloy systems. It appears that the parameter m’ of eqn.(2)
clearly demonstrates the superiority over parameter m of
eqn. (1), and also parameter m’" of eqn. (2) is closer to
unity than that of eqn. (1). The reason for this is because

the creep elongation at rupture has relation with the
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Fig. 7 The log-log plot between ¢,/ & and é‘s for type
316LN and the Cr-Mo stainless steels

steady-state creep rate and time to rupture.

In addition, elongation at rupture of 316LN steel
showed to be higher than that of the Cr-Mo steel. The
data of the elongation at rupture increased with
decreasing steady-state creep rate, and main trend of the
data depended on the each alloy system, although the
relation of the elongation at rupture and steady-state
creep rate was a bit of difference with testing conditions
or chemical variations. It is therefore believed that the
modified relation including the elongation at rupture is a
close connection between deformation processes and
processes which lead to the formation of cracks and
cavities and to final rupture. Furthermore, it means that
eqn. (2) indicates typically one process controlling the
creep strain during the whole test rather than of various
processes predominating at various stages of the creep
curve. It is noted that the modified relation is
improvement in applicability although the creep
properties on the 316LN and the Cr-Mo steels differ
basically due to crystal structure.

3.4. Creep fracture micrographs

Figures 8 and 9 show the fracture micrographs for the
316LN and the Cr-Mo steels, respectively. The fracture
modes of the 316LN and the Cr-Mo stainless steels differ

largely, as shown in (a), (b), and (c) of Figs. 8 (316LN)
and 9 (Cr-Mo). Photographs (c) in Figs. 8 and 9 are
magnification of fracture surface (b). In the fracture
mode, the 316LN showed domination of intergranular
fracture, and the crack path propagated along grain
boundaries. The fracture was caused from growth and
incorporation of cavities. And the cavities were
distributed along perpendicular to the stress direction, as
seen in Fig. 8(a). On the contrary, the fracture of the Cr-
Mo steel showed a transgranular manner of ductile type
caused from softening of materials. The cavity cracks
were not observed, as seen in Fig. 8(a). Only small size
voids were observed at the center of a neck, which
axially deformed along the stress direction. Also,
reduction of area at its neck was higher than that of the
316LN steel, but the elongation at rupture was inversely.
It is noted that the fracture of the Cr-Mo steel was
propagated suddenly by softening of material at high
temperature without a symptom, and that its fracture
mode was ductile type with typical cup-and-cone fracture
of a localized necking.

Furthermore, two alloy systems differed basically to
morphology of the precipitates in grain boundary, as seen
in Figs. 8(d) and 9(d). The precipitates in the 316LN
steel were distributed blocky along grain boundaries,
which become a nucleation site of cavities or voids. But,
the precipitates in the Cr-Mo steel were distributed
continuously along lathe- or prior-austenitic grain
boundaries. These precipitates at higher temperature
were changed coarsely and discontinuously by growth
and incorporation of them. From the results, it is found
that two alloy systems differed basically in creep fracture
types as well as creep properties. However, despite these
differences, the modified relation of eqn.(2) showed a
reliable agreement regardless of creep conditions and
chemical variations for the 316LN and Cr-Mo steels, and
superiority to the M-G eqn.(1). This agreement in the

modified relation is considered because the 316LN steel
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Fig. 8 Typical fracture micrographs of type 316LN
stainless steel crept at 300 MPa / 550°C, rupture
time is 1679.8 hrs

Fig. 9 Typical fracture micrographs of the crept Cr-Mo
stainless steel crept at 190 MPa / 600°C, rupture
time is 1143.5 hrs

showed intergranular fracture caused by dislocation
creep, and because the Cr-Mo steel was relevant to
dislocation creep regime at the middle homologous

temperature ; about from 0.40 T, to 0.44 T, ranges.

4. Conclusions

In order to estimate the M-G and its modified
parameters for type 316LN and Cr-Mo stainless steels,
several sets of laboratory ingots were prepared with
chemical variations. Creep data for the two alloy systems

were obtained by constant-load creep tests in 550-650°C

ranges. In creep fracture mode, type 316LN steel showed
domination of the intergranular fracture caused by
growth and coalescence of cavities. On the other hand,
the Cr-Mo steel showed the transgranular fracture of
ductile type caused by softening of materials at high
temperature. In spite of these differences in creep
fracture modes as well as creep properties, these relations
demonstrated linearity within the 2o standard deviation
regardless of creep testing conditions and chemical
variations. The value of the m parameter of the M-G
relation was found to be a slight difference for two alloy
systems, such as m = 0.90 in the 316LN steel and m =
0.84 in the Cr-Mo steel. Also, the value of the m’
parameter of the modified relation was 0.94 in the
316LN steel and 0.89 in the Cr-Mo steel. Thus, type
316LN austenitic stainless steel existed a greater rupture
time than do the Cr-Mo martensitic stainless steel. Such
differences of the m and m’ parameters are due to
ductility values at fracture and crystal structures. It was
found that the modified relation was superior to the M-G
relation because the m slopes almost overlapped

regardless of the two alloy systems.
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Table 1 Chemical compositions of modified type 316LN and 9~12Cr-1Mo stainless steels(wt.%)

Elements

) c Si Mn P S cr Ni | Mo N B Y Nb w
Specimens
63 | 0019 | 064 | 097 | G%Z | 0006 | 1725 | 1241 [ 239 [ 010 | - - - -
S16LN 6ESR 0026 | 070 | 097 | 0010 | 000t | 1735 | 1240 [ 239 | o.10 - -
steel 6B0 0021 | 070 | 097 | 0021 | 0006 | 1730 | 1234 | 236 | 0.10 - - - .
6B25 0023 | 067 | 096 | 0020 | 0006 | 1728 | 1243 | 238 | 0.10 | 0.0025 - - -
6B50 0023 | 063 [ 097 | 0025 | 0005 [ 1727 | 1245 | 234 | 009 | 0.0050 - - -
%A 019 | 010 | 059 | 0019 { 0006 [ 11.79 | 053 | 099 | <0.01 - 0310 | 0.020 | 0450
cﬁl:«% oM 015 | 008 | 048 | 0002 [ 0004 | 994 | 049 | 127 | 0.02 - 0.203 | 0.195 -
r- 0
steel IMW 0.18 | 009 | 047 [ 0002 | 0004 { 987 | 042 | 049 [ 002 - 0202 { 0203 | 0.201
IMN 015 | 008 | 048 | 0002 | 0004 | 1000 | 050 [ 128 | 0.045 - 0.205 | 0.204
Table 2 Summary of test values and equation constants
Experimental values M-G relation(eq.1) Modified relation (eq. 2)
Alloy systems
Temp. range, °C | Number of points M C 20 m c 20
316LN 550-600 49 points 0.90 -0.5073 | 0.12758 0.94 -0.2517 | 0.14204
9-12% Cr-Mo 600-650 32 points 0.84 -0.1697 | 0.07613 0.89 +0.1244 | 0.08874
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