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The master curve and the constitutive equation for 
creep deformation and fracture for Cr-Mo-V steel 
throughout smooth, notched and precracked 
specimens 
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It has been shown experimentally that the master curve for creep deformation versus the 
ratio of time to fracture time, can be obtained for smooth, notched and precracked 
specimens of Cr-Mo-V steel, a high-temperature ductile material. A simple unified 
constitutive equation, i.e. a master curve equation, has been proposed. It is suggested that 
there is some correlation between the creep deformation fracture curve and the creep 
damage size master curve. Although the range of the applicability of methodology might be 
rather limited, the development of this concept is needed for improved long-term creep lives 
and for other creep ductile materials. 

1. Introduction 
The 0 methodology has been proposed by Wilshire as 
a new model-based approach to creep and creep frac- 
ture. This methodology enables a creep deformation 
curve to be obtained as a function of stress and tem- 
perature and to predict creep fracture (rupture) life 
[1, 2]. Among the major advantages of the 0 methodo- 
logy, the capability of prediction of long-term creep 
lives and the possibility of relating the micro-mecha- 
nisms, are salient. Thus several attempts have been 
made to modify the 0 methodology [3,4]. 

On the other hand, from the standpoint of micro- 
and macro-mechanisms and also, for practical use, it is 
desirable to have a methodology for not only smooth 
specimens (without notch or crack), but also notched 
and cracked specimens, by correlating the crack initia- 
tion and growth behaviour tothe creep fracture, and 
for the methodology to be more simpler. 

In the present paper, a simple unified estimation 
methodology is proposed for the creep fracture life 
of not only smooth, but also notched and cracked 
specimens, noting the similarity law of the creep de- 
formation curve versus time. Although the range of 
applicability of this methodology might be rather lim- 
ited, the development of this unified concept may be 
needed for improved long-term creep lives, It is also 
suggested that there is the correlation between the 
creep deformation and fracture master curve and the 
creep damage size master curve. 
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2. Experimental procedure 
2.1. Material and specimen 
A test block from turbine-rotor 1Cr-Mo-V steel, 
made by Nippon Steel Works, was used. Material 
samples were taken from the test block at the end of 
the rotor. The chemical composition of the material is 
shown in Table I, and the mechanical properties are 
given in Table II. 

For the smooth specimen, the round bar type was 
used with diameter of 10 ram, and gauge length of 
50mm. For notched and precracked specimens, 
double-ended V-notch (DEN) type and CT specimens 
were used as shown in Figs 1 and 2, respectively. 

2.2. Tes t  m e t h o d s  and  t e s t ing  c o n d i t i o n s  
For the smooth and notched specimens, a serve-hy- 
draulic creep testing machine and a lever-type creep 
testing machine were used. For the notched specimen, 
the tests were carried out in a vacuum of 1.33 MPa. 
Notch-opening displacements were measured con- 
tinuously during the tests without stopping, by use of 
a high-temperature microscope through an observa- 
tion window with x 100 magnification. The specimen 
temperature was continuously monitored with 
a thermo-couple spot-welded near the notch in the 
specimen surface. The temperatures were kept con- 
stant to within 4- 1 ~ whereas for the smooth speci- 
men they were kept constant to within _+ 2 ~ 
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TABLE I Chemical composition (wt %) 

C Si Mn P S Cr Mo Ni V A1 Sn As 

0.27 0.07 0.69 0.003 0.0021 1.19 1.13 0.38 0.24 < 0.005 0.008 0.005 

TABLE II Mechanical properties 

Temp. 0.2% Ultimate Elongation Reduction 
(%) yield tensile (%) of area 

stress strength (%) 
(MPa) (MPa) 

Room temp. 655.9 804.6 22.0 63.9 
538 453.7 512.1 19.5 83.1 
594 371.9 430.7 24.8 87.7 

I 68 mm t 

R = 6 mm Notch ~_~ mm | 

Width, W=4 mm Thickness, t = l  mm 

N o ~ h p a ~  

30 ~ 

E 

i P=0.05 

Figure 1 Shape and dimensions of the DEN specimen 

6.35 mm 25.4 mm 
(B) (B) 
B N =0.75B 

_ 1 

63:5 m m  

~ o  r r  

, i  

Notch detai l  Fat igue precrack 

Fatigue precrack ; Kma x =16.1 MPa m v2 

Figure 2 Shape and dimensions of the CT specimen 

For the CT specimen, the tests were performed in 
atmospheric conditions. Load-line displacements were 
measured with a precision of less than 0.1 mm. The 
specimen was heated with an electrical resistance 
heater furnace. During the test, the temperature of the 
specimen was kept constant to within + 2 ~ 
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The testing conditions for smooth, notched and 
pre-cracked specimens are shown in each figure. 

2.3. R e p r e s e n t a t i o n  of  c r e e p  d e f o r m a t i o n  
For the smooth specimen, creep deformation was rep- 
resented by ~ -  ~o, where ~ is the creep strain, and 
~o the instantaneous strain at the instant of load 
application. 

For the notched (DEN) specimen, creep deforma- 
tion was represented by the relative notch-opening 
displacement, A(~/0o [5], where d~ and qb, are the 
notch-opening displacement at time t and the instan- 
taneous one at the instant of load application, respec- 
tively, qbo is the initial notch-opening displacement, 
and 

A(b = qb-(bs-d~o (1) 

For the pre-cracked (CT) specimen, creep deforma- 
tion was represented by the relative loadqine displace- 
ment, A8/8o, where ~ and 8~ are the load-line displace- 
ment at time t and the instantaneous one at the instant 
of load application, respectively. 8o is the initial dis- 
tance between upper and lower load pin hole of the 
CT specimen, and 

A6 = 8 - 6 s - 8 O  (2) 

That is, in all cases mentioned above, the instan- 
taneous deformation at the instant of load application 
was subtracted from the total creep deformation and 
the value was taken as the creep deformation. 

3. Resul ts  
3.1. The representation method by 

non-dimensional time, t/tf 
Figs 3 and 4 show the creep deformation versus the 
time of applied stress, t, as the usual plot, for example, 
for notched and CT specimens, respectively. Instead, 
here the data are plotted by the non-dimensional time 
of stress application, t/tf, where t is the time of stress 
application and tf is the creep fracture time (life) for 
each specimen. In Figs 5-7, the creep deformation, 

- ~o, A0/qbo and A8/8o, are plotted against the non- 
dimensional time of stress application, t/tf, for smooth, 
notched and pre-cracked specimens, respectively. 

All of the results, as shown in Figs 5-7, show that 
creep curves are independent of stress and temper- 
ature from smooth, notched and precracked speci- 
mens, respectively. That is, it was shown that the creep 
deformation and fracture master curve can be ob- 
tained for smooth, notched to precracked specimens, 
by the representation method proposed here. Further- 
more, this characteristic shows the existence of a sim- 
ilarity law of creep deformation against time of stress 
application. 
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Figure 3 Typical examples of the creep deformation curve for DEN 
specimens. (A) 600 ~ 194 MPa; (Ell) 625 ~ 176 MPa; (O) 625 ~ 
194 MPa; (13) 625 ~ 221 MPa; (NI) 650 ~ 194 MPa. 
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Figure 4 Typical examples of the creepdeformation curve for CT 
specimens. (O) 538 ~ 4.9 kN, 6.35mm thick; ([3) 560~ 19.6 kN, 
25.4 mm thick; (A) 594~ 5.39 kN, 6.35 mm thick. 
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Figure 5 The experimental data on creep deformation, e -  ~0, 
against the ratio, t/tf, of stress applied time, t, to creep fracture life, 
tf for smooth specimens. ( - - )  The curve calculated from Equation 
14. 538 ~ (0) 392 MPa, (NI) 343 MPa (A) 304 MPa, (T) 275 MPa, 
(@) 235 MPa. 594 ~ (�9 275 MPa, ([[3) 235 MPa, (A) 196 MPa, (V) 
157 MPa, (O) 118 MPa. 
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Figure 6 The experimental data on creep deformation, A~/d~o, 
against the ratio t/to of stress applied time, t, to creep fracture life, tr, 
for notched (DEN) specimens. ( - - )  The curve calculated from 
Equation 15. 538 ~ (A) 353 MPa. 560~ (Ax) 274 MPa, (~ ,  ID) 
314MPa, (�9 ~)  353 MPa. 580~ (rE) 353 MPa. 600~ (ix) 
194 MPa. 625 ~ (FII) 176 MPa, (0) 194 MPa. (13) 221 MPa. 650 ~ 
(E], []) 194 MPa. 
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Figure 7 The experimental data on creep deformation, A8/5o, 
against the ratio t/tr of stress applied time, t, to creep fracture life, tf, 
of precracked (CT) specimens. ( - - )  The curve calculated from 
Equation 16. (O) 538 qC, 4.9 kN, B = 6.35 mm; (El) 560 ~ 19.6 kN, 
B = 25.4 mm; (A) 594 ~ 5.39 kN, B = 6.35 mm. 

3.2 .  D e r i v a t i o n  of  c o n s t i t u t i v e  e q u a t i o n  
(master curve) of creep deformation and 
fracture 

Based on the similarity law of creep deformation 
against the time of applied stress, the following con- 
stitutive equation (characteristic function) can be 
proposed as the master curve for creep deformation 
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and fracture 

[ f = cq+a2 1--exp --et3 

+ ot4[exp(%~r ) -- 1] (3) 

where f is the creep deformation (the expression for 
f will be described below), t the elapsed time of stress 
application, tf the creep fracture time (life), and %, a2, 
a3 and ~ are constants. 

Equation 3 is similar to the creep strain, ~, ex- 
pressed in terms of the time of applied stress itself, as 
proposed by Wilshire and co-workers [-1, 2] as follow 

~--- 6 1 ] - 1  - -  exp( -- [320] + [33[exp( -- f34t ) - -  1] 
(4) 

where [3,, [32, [33 and 134 are constants, respectively. 
Taking the first order of the Taylor expansion of the 

constitutive Equation 3, each value of %, a2, % and 
c, 4 can be determined by analysis by the non-linear 
least square method, so that the difference between the 
curve calculated and experimental data becomes min- 
imum. That is, the procedure is as follows. 

Taking the first order of the Taylor expansion of 
Equation 3 we get, 

[ f * = % o + % o  1 - e x p  -Ct3o 

-{- ~llCqo((~l -- C/'l 0) -~- ~21Ctlo(~2 -- (~20) 

i =  1-4 (5) 

Let us define the following function as Equation 6 

gj  = f * - - y j  (6) 

where yj corresponds to the experimental value of 
creep deformation. 

Substituting experimental data into y j, we perform 
the analysis of the non-linear least square method by 
following Equations 7 and 8 

n 

I = ~, g.2 , (7) j=l 

j--Z'l gJ �9 I,j, vj .... = 0 (i = 1-4) (8) 

That is, values ofai are obtained from Equation 8, and 
the condition of minimizing I is denoted by Equation 
7. 

Equation 8 is represented by the following simulta- 
neous equations 

A1 + A2(~l -- ~10) q- A3(~2 - 520) 

+ A4(~ -- 0t30) + A5(~4 -- ~40) = 0 (9a) 
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B 1 q- B2(o q - Oqo ) q- B3(ot 2 - -  0 ( 2 o  ) 

+ B , ( a 3 - % 0 ) + B s ( a 4 - a 4 o )  = 0 (9b) 

C1 ~- C2(~I - ~10) ~- C 3 ( a 2  - 0~20) 
+ C~(~3 - %0) + C5(~4 -- ~4o) = 0 (9c) 

D1 + D2(ot 1 -- Oqo ) -Jr- D3(O~ 2 - -  ( ~ 2 0 )  

if- D4(~3 - -  ( ~ 3 0 )  "q- D5(~4 -- ~4o) = 0 (9d) 

where Ai, Bi, Ci and Di (i = 1-5) are presented by 
Equations 10-13 

a l  = j~.{--yjq- otlO-}- ot20[1--exp(--ot30~) 1 

A2 = n (10b) 

A3 = ~ l j [  - e x p ( - a 3 o ~  (10c) 
r e i d  

A4 = ~{~[O~zoexp ( - a3ot~) + a4o exp(a~o~)l} 

(10d) 

 Iexp( <) 11 
Bi = 1 -- exp -- a3o - -  y j  + alO 

+ O%olexp(~30t~ ) -- 11} (lla) 

B2 = ~ l j [  - e x p ( - % o t ~ ) l  (llb) 

B3 = ~ [ 1 - - e x p ( - - a a o ~ ) ;  2 (11c) 

(116) 

Bs = ~;{[1 - e x p ( - -  ~3o~)l[exp(~aot~ ) -  11} 

(1 le) 

C1 = ~'( t /V~2~176176176176 \tf[_ \ ) ]  

x {--  Yj-- %o + %o[1 - exp( -- %ot~)] 

+ Ot~o[exp(ot3ot~ ) - 1]})  (12a) 

C2 = Zf//~~176 -- ~176 -}- ~ 1 7 6 1 7 6 1 7 6  (tf[_ \ 

(12b) 



C3 

C4, 

6 5  z 

D 1 

9 2  

D 3 ~-- 

D 4 

~{ t~I~2~ -- ~3~ t~) + c~4~ (%~ ~ q \  tf ,/J 

x [ 1 -  e x p ( -  %o~)1} (12c) 

~{~IC~eo exp ( -- ~3o~) + C~o exp (c~3~ 

(12d) 

~j {~[~ ( -- ~ + ~'*oexp(~30~ ) 1 

x exp ~30~- -  

(13a) 

~ I e x p ( ~ 3 0 ~ ) -  11 (13b) 

~{[exp (~3~ - 11 [1 - exp( - c~3~ )?  } 

(13c) 

j UfL \ tf/ JL \ tfJ 

+  ,oex+0 )l } 
D5 = ~ , [ e x p ( ~ 3 0 ~ - 1 ]  2 

J \ ~f /  

(13d) 

(13e) 

The initial value aio is assumed to be arbitrary, say, 
zero, and 0~i is obtained by Cramer's formula. The 
value of ai thus obtained is assumed to be the value of 
a~o as the next initial value, and the calculation is 
iterated in succession until at - ale becomes less than 
10 -s. 

By this analysis mentioned, the constitutive equa- 
tion (master curve) of creep deformation,f is obtained. 
f is represented for smooth, notched and precracked 
specimens, respectively, as follows: 

for a smooth specimen, f = 
for a notched specimen, f=- AO/00 
for a preeracked specimen, f ~  A8/3o 
Explanations for a, Ad2/Oo and A8/8o were given 

above. Thus, for smooth, notched (DEN) and pre- 
cracked (CT) specimens the constitutive equation is 
obtained as equations 14-16, respectively. 

For a smooth specimen 

~--so -- 6.22 x 10-s + 1.40 x 10 -2 

x l l -  e x p ( -  5.01~) 1 

+ 5.02 x 10-4Iexp(5.01~)- 1] (14) 

For a notched (DEN) specimen 

(~o-2 .12x10-4+l .49x10-1 1 -exp  - 

+ 4.71x lO-3[-exp(5.15-t~ - 1] (15, 
L \ ~2 

For a precracked (CT) specimen 

A8 - 7.93 x 10-s + 3.54 x 10 -2 
8o 

x l l -  exp( -- 4"92~) 1 

+ 1.20 x 10-3Iexp(4.92~f ) - 11 (16) 

In Figs 5-7, the results calculated from Equations 
14-16 are shown by the solid lines, respectively, and 
agreement with the experimental results is very good. 

The values of % in Equations 14-16 are negligibly 
small compared with other terms. These equations are 
similar to the constitutive Equation 4 proposed by 
Wilshire and co-workers [1, 21. Furthermore, it is 
salient that the values of ~2 and ~4 for notched (DEN) 
specimens are approximately 10 times those for 
smooth specimens, as can be seen by comparing Equa- 
tion 15 with Equation 14, and those for precracked 
(CT) specimens are 2.5 times those for smooth speci- 
mens, as can be seen by comparing Equation 16 with 
Equation 14. 

It should be noted that the values of a3 in Equations 
14-16 which correspond to Equation 3 are equal to 
each other in each Equations 14-16, respectively, as 
can be seen from each equation. 

Therefore, from the three characteristics mentioned 
above, it can be seen that the constitutive equation for 
creep deformation and creep fracture both for notched 
(DEN) and precracked (CT) specimens can be ob- 
tained by multiplying the equation for the smooth 
specimen by each constant proportional value, that is, 
10 times and 2.5 times, respectively, and vice versa. In 
Fig. 8 the data on ~ - % for a smooth specimen and 
on Ad?/d~0 for a notched (DEN) specimen are plotted 
against  t/tf, being multiplyed by 2.5 and 0.25 times, 
respectively. On the other hand, the data on AS/~o for 
a precracked (CT) specimen as they stand, are plotted 
against t/tf in the same figure. 

Fig. 8 shows the existence of the master curve for 
creep deformation and fracture covering uniformly 
smooth, notched (DEN) and precracked (CT) speci- 
mens. Furthermore, Equation 3 leading to Equations 
14-16 for 1Cr-Mo-V steel is the constitutive equation 
for this master curve. For smooth, notched and prec- 
racked specimens, by using each master curve, we can 
predict the fracture life, tf, only if the creep deforma- 
tion is known in creep under any applied stress and 
temperature. For instance, a schematic illustration for 
the smooth specimen is shown in Fig. 5. 

4. Discussion 
Creep damage size around the notch tip versus t/tf for 
a notched specimen is expressed by the master curve, 
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Figure 8 All of the experimental data on (�9 smooth, (E3) notched 
(DEN) and (A) precracked (CT) specimens plotted against the ratio 
t/tf of stress applied time, t, to creep fracture life, tf. In this figure, the 
data for ~ - e0 for smooth specimens and for Adp/d?0 for notched 
specimens (DEN) are multiplied by 0.4 and 4 times, respectively. 
The data zX~/50 for precracked (CT) specimens are plotted against 
t/tf in the same figure. 

independent of temperature and applied gross stress; 
as shown in Fig. 9 [6]. On comparing Fig. 9 with Fig. 
6, it is suggested that there is a correlation between 
creep deformation and the fracture master curve and 
the creep damage size master curve. Furthermore, 
there is an approximately linear relation [63 between 
Aqb/qbo and the creep damage. On the other hand, 
creep crack initiation occurs when A(~/d?o attains some 
critical value [5]. Therefore, it may be inferred that 
a creep crack initiates when creep damage amounts to 
some critical value. In fact, Fig. 9 shows this is the 
case. That is, for creep ductile materials such as 
1Cr-Mo-V steel, creep crack initiation will occur at 
t / t f  = 0.9. From the argument mentioned above, for 
a notched specimen, the crack initiation life occupies 
the main part of fracture life. For a smooth specimen, 
this respect may be similar E7], On the other hand, for 
a precracked (CT) specimen of creep ductile materials, 
crack growth life will occupy a larger part of the 
fracture life. 

Previously it has been shown that the constitutive 
equations proposed can be well applied to solder joint 
materials [8] as high-temperature ductile materials. 
The application of this concept to high-temperature 
brittle materials remains a problem. 

5. C o n c l u s i o n s  
1. The existence of a master curve for creep defor- 

mation and the fracture curve versus the ratio of time 
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Figure 9 The data on creep damage area size against t/tf. The figure 
shows the existence of the creep damage area size master curve 
similar to the creep deformation and fracture master curve. 600 ~ 
(A) 194 MPa. 625 ~ ([11) 176 MPa, (O) 194 MPa,  (IB) 221 MPa. 
650~ (m) 194 MPa.  560~ (ID) 314 MPa. 

of applied stress to fracture time was found to cover 
uniformly smooth, notched (DEN) and precracked 
(CT) specimens for high-temperature ductile mater- 
ials, such as Cr -Mo-V steel. 

2. A simple prediction methodology, including 
a macroscopic factor such as specimen shape, and the 
possibility of relating it to micro-mechanisms is pro- 
posed in terms of the constitutive equation of creep 
deformation and fracture (the master curve equation). 

3. By using the master curve proposed, fracture life 
can be predicted only if the creep deformation is 
known in creep under any applied stress and temper- 
ature. 

4. It is suggested that there is some correlation 
between creep deformation and the fracture curve and 
the creep damage area size master curve. 

5. Although the range of applicability of the meth- 
odology might be rather limited, the development of 
this concept is needed for more long-term creep lives 
and for other high-temperature ductile materials. 
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