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Evaluation of  Monkman-Grant  Parameters for Type 316LN and 
Modified 9Cr-Mo Stainless Steels 

Woo Gon Kim*, Sung Ho Kim, Woo Seog Ryu 
Department o f  Nuclear Material Technology Development, Korea Atomic Energy Research Institute, 

Daejon 305- 600, Korea 

The Monkman-Grant  (M-G) and its modified parameters were evaluated for type 316LN and 

modified 9Cr-Mo stainless steels prepared with minor element variations. Several sets of creep 

data for the two alloy systems were obtained by constant-load creep tests in 550--650 °C 

temperature range. The M-G parameters, m, m', C, and C'  were proposed and discussed for 

the two alloy systems. The am value of the M-G relation was 0.90 in type 316LN steel and 0.84 

in modified 9Cr-Mo steel. The m' value of the modified relation was 0.94 in type 316LN steel 

and 0.89 in 9Cr-Mo steel. Although creep fracture modes and creep properties between type 

316LN and modified 9Cr-Mo steels showed a basic difference, the M-G and its modified 

relations demonstrated linearity quite well. The m'  of modified relation almost overlapped 

regardless of the creep testing conditions and chemical variations in the two alloy systems, and 

the parameter m'  was closer to unity than that of the M-G relation. 
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1. Introduction 

Type 316 austenitic stainless steels are candi- 

date materials for structural components in a 

liquid metal reactor (LMR) because of their good 

high-temperature mechanical properties. Espe- 

cially, the designated 'LN' grade containing low 

carbon (<0.03C wt.%) and an appropriate amo- 

unt of nitrogen (0.1N wt.%) is superior in creep 

resistance to the 'L' grade of low carbon (Ryu, et 

al., 1998 ; Oh and Hong, 2000; Nakazawa, et al., 

1988 ; Manfred and Vitale, 1984 ; Fujiwara, et al., 

1986). Also, 9Cr-Mo martensitic stainless steels 

are prospective materials for nuclear fuel cladding 

tubes, and steam generator tubes in LMR due to 

their good thermal-fatigue strength and oxidation 
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resistance (Berns and Krafft, 1990 ; Kim and Ryu, 

2000). Since these structural components of nu- 

clear power plants are operated at high tempera- 

tures, one of the most critical factors in deter- 

mining the integrity of their components is creep 

behavior. Due to thermal activation, the materials 

can slowly and continuously deteriorate under 

constant load or stress even below the yield stress 

levels, and eventually fail (Viswanathan, 1989). 

The design of high-temperature creeping ma- 

terials has to be based on reliable long-term test 

data beyond its design life. However, these long- 

term data are not available for many materials, 

because it is time-consuming and expensive to 

obtain the appropriate data. Therefore, design of 

creep components is carried out by extrapolation 

of short-term creep data to approximate the 

long-term behavior. One of the most common 

methods is known as the Monkman and Grant 

(hereafter M-G) relation (Cadek, 1988 ; Nabarro 

and Villers, 1995). A log-log plot of rupture time, 

tr, versus steady-state creep rate (or minimum 

creep rate), ~s, shows empirically a straight line 
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as follows : 

log  tT+ m log  g s = C  (I) 

where m and C are the M-G parameters. If the 

parameters, m and C are obtained, the rupture 

time can be assessed on the basis of steady-state 

creep rate, ks. The C parameter of Eq. (1) de- 

pends on the temperature and the material. 

The modified relation has been proposed using 

the total strain at rupture, r r  and the stress and 

temperature dependence can be reduced as 

follows. (Dobes and Milicka, 1976); 

l o g (  t r ~ + m ' l o g ~ s = C  ' (2) 
Sr / 

The exponent m'  is close to unity, and C '  

parameter is independent of the temperature. ~:r 

is closely related to creep deformation processes 

which lead to the formation of cracks and cavi- 

ties. Therefore, er is considered as another im- 

portant parameter. The validity of this modified 

M-G model was in excellent agreement with 

creep rupture experiments Performed using seve- 

ral materials: 2.25 Cr- I  Mo steels, martensitic 

zirconium alloys, 25Cr-20Ni austenitic stainless 

steel, etc (Cadek, 1988; Nabarro and Villers, 

1995; Dobes and Milicka, 1976). However, a 

practical evaluation of the relations on type 

316LN and 9Cr-Mo stainless steels for the I, MR 

application has not been established, and the 

creep data or parameters for the two alloys are 

insufficient. 

The purpose of  this work was to evaluate the 

M-G and its modified relations for type 316LN 

and 9Cr-Mo stainless steels, and to propose their 

parameters. Several sets of creep data were mea- 

sured for the two alloy systems and the fracture 

micrographs were observed to define the differ- 

ences. 

2. E x p e r i m e n t a l  P r o c e d u r e s  

Laboratory ingots of type 316LN and 9Cr-Mo 

alloys were prepared by the vacuum induction 

melting (VIM) process. Their chemical composi- 

tions are given in Table 1. Type 316l,N alloy 

contains around 0.1 wt.% nitrogen and 9Cr-Mo 

alloy has minor elements such as vanadium (V), 

niobium (Nb) and tungsten (W). The ingots 

were held for 2 hr at 1150 °C in an argon atmos- 

phere and reduced to 15 mm thickness by a hot 

rolling process. Type 316LN alloy was solution 

annealed at 1100 °C for I hr and water quenched. 

The 9Cr-Mo alloy was heat treated by nor- 

malizing and tempering. Normalizing was per- 

formed at 1050 °C for 1 hr and air cooled, and 

then tempering was performed at 750 °C for 2 hr 

and air cooled. Creep specimens were taken along 

the rolling direction and machined in cylindrical 

form with a 30 mm gauge length and 6 mm diam- 

eter. The gauge sections of the specimens were 

polished using 1000 grit sand paper along the 

specimen axis. 

Creep tests were conducted using constant-load 

machines with a 20/ l - lever  arm ratio. The test 

temperature was maintained to be constant with- 

in +2  °C during the test period. Before starting 

the test, all specimens were held at the test tem- 

perature for 1 hr. All creep test procedures were 

followed according to the ASTM standard 

(ASTM E139, 1983). Creep strain was measured 

using either an extensometer gauge or a precise 

dial indicator. The steady-state creep rate (SSCR) 

was calculated by Eq. (3), using creep strain (dl) 

with time variation (dr) in the secondary creep 

region, 

es= d[ (12 -1 , ) / l o ]  _ 1 d l  (3) 
d t  lo dt  

Table 1 Chemical compositions of type 316LN and modified 9Cr-Mo stainless steels(wt.~o) 

C Si Mn P S Cr Ni Mo N B V Nb W 

0.002 ~ 0 
0.021 0.70 0.97 0.006 17.30 12.34 2.36 0.10 

0.021 0.0050 
316••LN 

i 

9Cr-Mo 0.15 0.203 -- 0 
0.08 0.48 0.002 0.004 9 . 9 4  0.49 1.27 0.02 ~ 0.195 

0.310 0.450 



1422 Woo Gon Kim, Sung Ho Kim and Woo Seog Ryu 

where lo is the initial gauge length of  the speci- 10+ 

m e n .  

After testing, each specimen was examined for 

microstructures;  fracture surfaces, cavities, and ~ +°+ $ 
precipitates using scanning electron microscopy ~" 

b 
(SEM).  A thin disk o f  the creped specimen was ~ 10 + 

taken from the center part o f  the gauge section 

along the stress axis. For  the SEM analysis, 

etching o f  type 316LN steel took place in the m 10 + 

mixture of  10% hydrochlor ic  acid -t-15% acetic 

acid + 10% nitric acid + 6 5 %  distilled water, and 10 ~ 

etching of  the 9 C r - M o  steel in the mixture of  

2% hydrof luor ic  acid + 2 %  nitric acid +96,%o 
Fig. 1 

distilled water. 

3. R e s u l t s  a n d  D i s c u s s i o n  

o , D :316LN 
z~ , <> :9Cr -Mo n.zo 

(600"C) n=8.0 

/ (600°C) n=8.1 ;+c)S / ; c  / / / /  
100 200 3 0 0  400 500 

Stress, MPa 

Typical plot of steady=state creep rate with 

stress and temperature for type 316LN and 

modified 9Cr-Mo stainless steels 

3.1 Creep  strain curves 

The steady-state creep rate and the rupture time 

are considered as important  features in creep pro- 

perties. Therefore,  these two factors are generally 

described to be a function of  temperature and 

stress; ~ s = f ( o  ", T) and L = g ( o  ", T) .  The de- 

pendence of  the creep rate on applied stress can 

be written as a power law (or Nor ton ' s  law) of  

Eq. (4). 

~ s = A o  "n (4) 

It can be characterized by the sensitivity para- 

meter of  the steady-state creep rate to applied 

stress, n" : 

, / a In ~+ \ n = ~ ) ~  (5> 

where A is a constant at a given temperature and 

n is the stress exponent.  Under  temperature and 

stress condit ions used in this work, a creep defor- 

mation map for the two alloy systems corresponds 

to dislocation creep regime which yields the po- 

wer law of  stress dependence (Kim, et al., 2000; 

Penny and Marriott ,  1995). Thus, the exponent  n 

in this work can be written as n : n '  because of  

dis locat ion creep mechanism. The value of  n can 

be determined by the slope of  log ~s- log o" plot. 

Figure 1 shows typical results of  the s teady- 

state creep rate with various stresses in 550-- 

650°(2 temperatnre range of  type 316LN and 

9 C r - M o  stainless steels. The n value of  type 

316LN stainless steel was not changed with 

temperatures as it was 8.0 at 600 °C and 8.1 at 

550 *(2. It was similar to 7.9 that Frost  and Ashby 

have reported at 650 °C for commercia l  type 316 

stainless steel (Riedel,  1987). However ,  the n 

value for 9 C r - M o  martensitic stainless steel was 

greatly changed with temperatures as it was 20 at 

600°C and 10 at 650°C. The 9 C r - M o  steel 

resulted in greater n value than type 316LN steel. 

This means that 9 C r - M o  steel showed significant 

temperature dependency due to high or low ther- 

mal stability during creep. As for the valas of  

exponent  n, Cadek (1988) and Evans et al. 

(1985) had reported it to be between 4 to 5 

typically for dislocat ion creep in pure metal, and 

as great as 10 in precipi tat ion and dispersion 

strengthened metallic materials,  and in the range 

from 3 to 13 in commercial  and laboratory melted 

austenitic stainless steels. F rom these results, the 

n value of  9 C r - M o  steel was higher than that of  

type 316LN steel, and its value showed a high 

temperature dependency. 

Figure 2 shows the typical c reep- rupture  curves 

of  type 316LN and 9 C r - M o  stainless steels, where 

creep strain is the difference between the creep 

strain, ~c, and the instantaneous strain, c0. The 

two steels showed large differences in the creep 

deformation curve. Most of  the rupture time of  

9 C r - M o  steel was occupied with the secondary 

creep stage, and the creep strain was much lower 
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than that of type 316LN steel. In spite of that, 

9Cr-Mo steel was shorter in rupture time than 

type 316LN steel. This means that 9Cr-Mo steel 

was inferior in creep ductility to type 316LN 

steel, and most of  the creep strain was suddenly 

increased near the rupture time. It is believed that 

9Cr-Mo steel experienced ductile fracture leading 

to a localized neck near the fracture. Therefore, 

the two alloy systems were basically different in 

fracture types. To clarify this fact for the two alloy 

systems, Kim et al. (2001) have reported in a 

previous study on the creep master curves between 

the strain fraction (~c/~r) and l i fe fraction ( t /  
tr) using the Kachanov-Rabotnov (K-R) creep 

damage model, as shown in Fig. 3. Figure 3 10' 

shows the comparison of the creep curves on 

strain fraction (ec/¢r) versus life fraction ( t / tr)  
for type 316LN and 9Cr-Mo steels. The symbol 

marks indicate the measured points and the solid ~, 

lines indicate the curves calculated by the K-R 

model, where Sr is the rupture elongation, tr is ~,.: ~0' 

the rupture time, and ¢c is the current creep = E 

strain. All of the measured data showed material 
3 ~. I0' 

dependence regardless of  testing conditions, ap- r~ 

plied stress or temperatures. For the relation of 

creep strain and time fraction, using the K-R 

creep model defined as Eq. (6) (Kim, et al., 2001 ; 

Penny and Marriott, 1995), 

" '  t ~l ',~ 

the creep tolerance parameter, ,t becomes a sensi- Eig. 4 

ble constant which determines the shape of  the 

creep curves. The value of /t in this work was 

550~C-290MPa 

550"C-320MPa 

~CJ-Mo 2 
e 600=C" 190MPa 

600=C-200MPa 
= 650°C- 120MPa *~ • 
= 65~C- 125MOa * %  

0.2 0.4 0.6 0.8 1 0 

L i fe  f rac t ion ,  t / t 

Comparison of strain fraction vs. life fraction 

for type 316LN and modif ied 9Cr -Mo stain- 

less steels 

determined by fitting the experimental data as 3. I 

for type 316LN and 8.5 for 9Cr-Mo. The creep 

curves and creep rupture strain were different. 

3.2 The M - G  parameters 

Figure 4 shows the slope m of the M-G 

relation obtained from rupture time versus steady- 

state creep rate for type 316LN and 9Cr-Mo 

steels. The individual points in the plots represent 

all experimental data with testing stresses, tem- 

peratures, and minor element variations. Each 

plot of type 316LN and 9Cr-Mo steels showed 

. . . . . . . .  i . . . . . . . .  t . . . . . . . .  i . . . . . . . .  i . . . . . . .  

• 316LN 
o 9Cr-Mo 

10  e 

m - 0,90 

"\  
- \  

1 0 4  . . . . . . . .  i . . . . . . . .  i . . . . . . . .  i . . . . . . . .  i . . . . . . .  

10  -~o 10-g 10'a 10  .7 10  4 10  .5 

Steady-state creep rate (~), sec ~ 

Comparison o£ rupture time vs. steady-state 

creep rate for type 316LN and modified 
9Cr-Mo stainless steels 
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Table 2 Summary of test values and equation constant 

316LN 

9Cr-Mo 

Experimental values M-G relation (Eq. 1) Modified relation (Eq. 2) 
i 

Temp. range, °C No. of points m I C 

550--600 49 points 0.90 --0.5073 
i 

600 ~ 650 32 points 0.84 --0.1697 

~* C* 

0.94 --0.2517 

0.89 0.1244 

good linearity as exprtssed by Eq. ( I ) .  The  value 

of  m was found to be slightly different for the 

two steels: m = 0 . 9 0  in type 316LN steel and 

m = 0 . 8 4  in 9 C r - M o  steel. The value of  m has 

been reported to be in the range of  about  0.8 to 

about  0.95, and the parameter  C depends on the 

temperature (Cadek, 1988). Kim et al. (2000) 

have reported m = 1.0--1.3 range in close inspec- 

t ion with variat ion o f  phosphorous  (P) element 

for type 316LN steel. The slight difference in the 

m value in type 316LN was because Kim's  previ- 

ous study was investigated for only phosphorous  

effect on creep properties. Type 316LN steel is 

superior  in creep life to 9 C r - M o  steel. Al though 

the two steels were highly different in the n or  

/t parameters due to rupture time and creep 

ductility, the m values of  the M - G  relation did 

not vary greatly in the reported range. The  com- 

puted values of  the m and C parameters are listed 

in Table  2. 

In addit ion,  the existence of  such a relat ionship 

as Eq. (1) between the rupture time and the 

steady-state creep rate leads to some interesting 

speculations concerning some aspects of  the creep 

process. If the slope m is unity, the M - G  relation 

can be rewritten in the fol lowing form, 

t r . ~ = c  (7) 

From Table  2, slope m is appreciably 1. There-  

fore, Eq. (7) is approximately  correct for the two 

alloy systems and it can be simply utilized to 

estimate the long- t ime  data from the shor t - t ime 

data. 

3.3 Modified M - G  parameters 
Figure 5 shows the modif ied M - G  relation 

using tr/¢r for type 316LN and 9 C r - M o  steels. 

The value of  slope m" was 0.94 in type 316LN 

steel and 0.89 in 9 C r - M o  steel. For  a given creep 

rate, it can be seen that type 316LN austenitic 

¢J 10" 

~ 10 e 

Fig. 5 

1 0  t . . . . .  i . . . . . . . .  i . . . . . . . .  l . . . . . . .  i . . . . . . .  

• 3 1 6 L N  
o 9Cr -Mo 

"-~. . . - . - - - -  m = 0.94 
lOa / " , ,  n " ~ " ~  • 

~ma 

10 ° 

1 0 4  ~ 0  . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I , , , , , ,  

10" 10 "° 10 4 10 .7 10 4 10 4 

~', ~ sec "I 

The log-log plot between tr/~r and ~s for 

type 316LN and modified 9Cr-Mo stainless 

steels 

steel takes a longer time to rupture than 9 C r - M o  

steels. Howerer  the modified M - G  curves were 

nearly over lapped regardless of  the chemical  

variations and testing condi t ions  for the two 

steels. The parameter m '  of  the modified relation 

clearly demonstrates the superiori ty over para- 

meter m of  the original M - G  relation, and also 

parameter m" is closer to unity than m. it means 

that the creep rupture e longat ion has a close 

relat ionship with the rupture time. 

Figure 6 shows all the data points of  the 

rupture e longat ion and the rupture time for type 

316LN and 9 C r - M o  stainless steels. The rupture 

e longat ion decreased inversely with increasing 

rupture time. The rupture e longat ion of  type 

316LN steel was higher than that of  9 C r - M o  

steel. It means that the rupture e longat ion 

increases with decreasing steady-state creep rate. 

Scatter in the data of  type 316LN steel is wider 

than that of  9 C r - M o  steel. This, for type 316LN 
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Data points between rupture time and rupture 
elongation for type 316LN and modified 9Cr 

Mo Stainless steels 

stainless steel, was due to variety in the chemical 

variations. All the points showed the tendency of 

material dependence, although tr and er data 

were different with testing conditions or chemical 

variations. 

From the results, it is believed that the modified 

relation including the rupture elongation has a 

close connection with deformation processes, 

which lead to the formation of cracks and cavities 

and to final rupture. Furthermore, it means that 

Eq. (2) indicates one process typically contro- 

lling the creep strain during the whole test at 

various creep stages. It is noted that the modified 

relation was improved in applicability compared 

with the M-G relation although the creep prop- 

erties of type 316LN and 9Cr-Mo steels were 

basically different in crystal structures. To define 

the applicability of the M-G relation and the 

fracture microstructures, creep fracture micro- 

graphs for two alloy systems were investigated as 

described in the following section. 

3.4 Creep fracture micrographs 
Figure 7 shows the fracture micrographs for 

type 316LN and 9Cr-Mo stainless steels. The 

fracture modes of the two steels were greatly 

different as seen in Figs 7 and 8. OM micrographs 

(a) and (b) in Fig. 7 show creep cracks along the 

longitudinal direction just below the fracture sur- 

face, and (c) and (d) show the fracture surfaces. 

In the fracture mode, type 316LN steel showed 

t a !  i b i  

Fig. 7 Typical fracture mlcrographs of type 316LN 
(a. c) and modified 9Cr-Mo(b. d) stainless 
steels specimens ; 316LN steel is at 300 MPa/ 
600*(2, and 9Cr-Mo steel is at 190MPa/ 
600 °C 

domination of intergranular fracture and the 

crack path propagated along the grain boun- 

daries. Wedge type cracks at triple junction points 

were also observed. The fracture of type 316LN 

steel was caused by the growth and incorporation 

of cavities. Also the cavities were distributed 

perpendicular to the stress axis, as shown in Fig. 

7(a). On the contrary, the fracture of 9Cr-Mo 

steel showed transgranular fracture of ductile type 

caused by the softening of materials. Cavity 

cracks were not observed and only small size 

voids were observed locally at the center of the 

neck. They were axially deformed along the stress 

axis shown in Fig. 7 (b). The reduction of area at 

its neck was higher than that of type 316LN steel 

and the rupture elongation was inversed. It is 

noted that the fracture of 9Cr-Mo steel occurred 

suddenly by the softening of the material at a high 

temperature without a symptom, and that its 

fracture mode was typical cup-and-cone ductile 

fracture with a localized necking (Kim et al., 

2001). 

Furthermore, the two alloy systems showed the 
basic difference from the morphology of the preci- 
pitates in the grain boundary. The precipitate 

morphologies of 316LN and 9Cr-Ni  steels are 
shown in Fis. 8. The precipitates of type 316LN 

steel were distributed in blocks along the grain 
boundaries which become nucleation sites of car- 
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was due to different elongation values at fracture. 

It was identified that the modified relation was 

superior to the M-G relation because the m' 

slopes almost overlapped regardless of the creep 

testing conditions for the two materials. 

Fig. 8 Precipitate morphology in grain boundary for 
type 316LN(a) and 9Cr-Mo(b) specimens; 
316LN steel is at 300MPa/600°C and 9Cr 

-Mo steel is at :90 MPa/600 °C 

ities or voids. However, the precipitates of 9Cr- 

Mo steel were distributed continuously along 

lathe-boundaries or prior-austenitic grain boun- 

daries. At a high temperature the precipitates 

grow coarsely and become discontinuous. The 

two alloy systems were basically different in creep 

fracture morphologies as well as in creep proper- 

ties. In spite of these differences, the M-G rela- 

tion showed a reliable agreement regardless of 

the creep testing conditions and minor element 

variations. This agreement is due to the fact that 

the two alloy systems showed the same disloca- 

tion creep mechanism relevant to the middle 

homologous temperature from 0.40 Tm to 0.44 Tin. 

4. Conclusions 

The M-G and its modified parameters for 

modified type 316LN and modified 9Cr-Mo 

stainless steels were evaluated using the creep data 

obtained by constant-load creep tests in 550-- 

650 °C temperature range. In spite of the basic 

differences in creep fracture modes and creep 

properties for the two alloys systems, the M-G 

relation demonstrated linearity regardless of the 

creep testing conditions and chemical variations. 

The value of the m parameter of the M-G relation 

was found to be slightly different for the two alloy 

systems ; m=0.90  for type 316LN steel and m = 

0.84 for 9Cr-Mo steel. Also, the value of the m' 

parameter of the modified relation was 0.94 for 

type 316LN steel and 0.89 for 9Cr-Mo steel. Type 

316LN austenitic stainless steel has a greater 
rupture time than 9Cr-Mo martensitic stainless 

steel. The difference in the m and m' parameters 
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