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Creep Life Prediction for Udimet 720 Material Using the Initial
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Despite of considerable research results of uniaxial tension creep available for superalloys,

few studies have been made on high temperature creep using the Initial Strain Method (ISM).

In this paper, the real-time prediction of high temperature creep strength and creep life for the

nickel-based superalloy Udimet 720 (high-temperature and high-pressure gas turbine engine

materials) was performed on round-bar type specimens under pure static load at the tempera-
tures of 538°C, 649°C, and 704°C. The predictive equation derived from the ISM in creep tests
showed better reliability than those from LMP(Larson-Miller Parameter) and LMP-ISM
(Larson Miller Parameter-Initial Strain Method) specially for long time creep prediction

(10°~ 10°h)
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1. Introduction

An aircraft’s performance depends mainly on
its engine performance. In addition, since the en-
gine performance depends on gas turbine materi-
als endurable in the circumstances of high tem-
perature, high pressure and corrosion, it is needed
to enhance the technology of manufacturing air-
craft materials to develop and produce part ma-
terials of excellent creep characteristics. During
long time use of gas turbine under high tempera-
ture conditions, the materials may experience sud-
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den rupture due to static (pure) creep or dynamic
(cyclic) creep. Hence, it is important in design,
manufacture, and exchange of aircraft gas turbine
materials to predict and analyze a long time (10°
h) and high temperature creep characteristics un-
der a certain stress and temperature through the
short time (<10°h) creep tests like the conven-
tional LMP (Larson-Miller Parameter).

There has been little research (Chung et al,
1997 ; Lee et al, 1997; Oh et al, 1988; 1992 ;
1993 ; 1996 ; Oh, 1998) on the exact correlation
between static and dynamic creep and creep life
prediction by the ISM (Initial Strain Method) for
aircraft gas turbine materials under high temper-
ature. In this paper, the characteristics of static
creep for Udimet 720 (U720) aircraft gas turbine
material are examined, and the predictive equa-
tion of creep life by ISM is derived. Then ISM is
compared with LMP and LMP-ISM (Chung et
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Table 1 Chemical composition of material (wt.%)
C |Cr| Co [Mo| W | Ti B
0.025| 18 [14.75| 3 [1.25| § 0.035

Al
25

Zr
0.035

Ni
bal

Material
U720

Yoon and Sae-Kyoo Oh

Table 2 Mechanical properties of U720
{a) Room temperature

al, 1997 ; Lee et al, 1997 ; Oh et al, 1996 ; Oh,
1998). To prove the effectiveness of ISM, the
real-time prediction of high temperature creep
strength and creep life for the nickel-based su-
peralloy Udimet 720 under pure load at the tem-
peratures of 538°C, 649°C and 704°C was perform-
ed. In the results it is expected that the predictive
equation derived from ISM creep tests would
have better reliability than LMP and LMP-ISM
equations, and its reliability would be improved
specially for long time creep prediction (10°~ 10°
h).

2. Experimental Method

2.1 Materials and specimens

The materials used in this test were superalloys
made by Rolls-Royce in England. Tables | and 2
show the chemical composition and mechanical
properties of U720, respectively. Table 3 shows
the conditions of heat treatments of U720. The
standard heat treatment by Rolls-Royce is used in
this paper. Figure | shows the shape of specimens
used in this experiment. A creep test machine
made by SATEC (DLF-10-1029) was used.

2.2 Experimental method

A K-type thermocouple is used to measure
temperature and is attached to the specimen. In
the heating process, specimens free of load are
heated to a setting temperature with a rate of
8.5°C /min. The furnace is kept at a uniform tem-
perature. Just after the specimen kept at the set-
ting temperature for 30 minutes, it is loaded.

Within the range of £ 1°C from the test tem-
perature, the experiment is conducted.

The specimen of Fig. 1 is fixed for the gauge
length of 27 mm. By LVDT (linear variable dis-
placement transformer), the strain is measured.
The creep curve is plotted by using data from the
recorder attached to the control part. The initial
strain is measured for one minute since loading.

Tensile | Yield . |Reduction| Vickers
. Elongation|
Material | strength | strength (% of area |hardness
a(MPa) g (MPa) | € | 4% | Hv
U720 1385 1025 10 11.9 466
(b) High temperatures
Temp. 538¢C 6497 04T
Mat G & €& € [ oG €& € Ot & € €
" | \MPaj (MPa) {%; (%) | (MPa} (MPa) (% (%) | (MPa) (MPa) (% (%)
U720 | 1432 1070 119143 1359 941 13 143) 1233 977 151185
Table 3 Heat treatments of U720
Treatment | Temp. X Time Cooling Hv
1105°C X 4h Air cooling | 429
Standard 650°C X24h | Air cooling | 456
760°C X 16h | Air cooling | 466
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Fig. 1 Shape and dimension of creep specimen
(ASTM E139-96) (unit : mm)

3. Experimental Resuilts and
Discussions

3.1 High temperature creep test
Figure 2(a), (b) and (c) are creep curves for
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U720, where strains are varied under temperatures
of 538°C. 649C and 704°C, respectively. In Fig. 2
(a), (b) and (c), by increasing stress under the
same temperatures, it is shown that initial strain is

increased, but rupture time is decreased. It is also
shown that the variation of initial strain has a
correlation with stress, rupture time and tempera-
ture. In this paper, the measured creep initial
strain and rupture times under the determined

?l‘r— | stress and temperature should be quantitatively
t examined to derive the creep life prediction equa-
m?» tion at any temperature, stress and initial strain.
' y In Fig. 2(a), without the third creep, the spec-
£ ’ ..........--" imen is fragmentized after the second creep. This
- e is due to the variation of the slip system (de-
g pending on temperature) of 7’ phase grains which
g ﬂch_aJ-z,},a_ are intermetallic compounds with the L1i; type of
o —4— 1300 10804 regular lattices (Cho and Suh, 1997 ; Na et al,
5} * 70 8415 . .
= 130 80 1998). In the creep rupture area, intercrystalline
fracture appeared at 649°C and 704°C, but trans-
e o e wm wm  m @ o  crystalline fracture appeared at 538°C. It is known
Time. t(h) that this could be influenced by the size of crystal
(a) 538C particles and by an amount of y’. For the future,
> .. . -
r——— it is necessary to examine such properties by the
‘-1 2718 experiment.
- 125 1201 . )
2 125 1173 Table 4 shows the data obtained from the high
+ 1025 1086 .
=3 | = %80 0582 temperature creep test of U720 according to stan-
) " e T . .
wo .f dard heat treatment conditions shown in Table 3.
§ [4 o V4 The data such as stress (0, MPa), rupture time
im § % it
o -
< < .,.-" Table 4 Data by creep test of U720 according to
: ,.--""l standard heat treatment conditions shown
s in Table 3
0 1 1 ' L
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R e o - P
Tima, t(M) Temp. | Stress l:i;;t]:re h:::‘:ll Cr;m‘:lt state ’Em.dl
(k) v Stre ate stramn
bl 649¢( P creep rate
25 1
[ cmpa) 00 | . g o | £ (0 /) 0
o e Vs : C (MPa) t(h} | &%) | &rl%/m) | &%/ | er(%)
20} | e 875 0508
E + | —m— 795 0231 1390 | 283 |10.604 | 0.623 0.183 | 17.640
I B taisiamia et
= i 538 1370 60.0 | 8415 0.289 0.116 17.369
®E § ! : 1350 | (341 | 8093 | 0.A34 | 0062 |17979
| = s -
< 5 ! > 1100 4.6 2718 3.739 2184 | 17.201
® 1o} 2 : <
- or$ : 1025 293 | 1291 0.404 0.284 | 11.851
I 4
:‘; 649 | 1025 | 330 | L{73 | 0.36l 0260 | 11919
3 1025 | 380 | 1086 | 0401 | 0240 15237
980 109.8 | 0.562 | 0.118 0.068 12.969
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Time. ¢ (h)

(c) 704°C
Fig. 2 Creep curves for U720 at 538, 649 and 704°C

950 6.3 1.592 | 3.080 1.467 | 19.402
704 | 875 237 | 0506 | 0.620 0.320 | 14831
795 80.7 | 0.231 0.190 0.047 | 15.305
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(¢r, h), initial strain (&, %), total creep rate {ér,
%/h), and steady state creep rate & %/h) are
quantitatively obtained from Fig. 2(a), (b} and

{c).

3.2 The correlation between initial strain
and creep stress

Figure 3 shows the relationship between creep
stress ¢(MPa) and initial strain £/(%). By in-
creasing stress, initial strain is increased linearly
as shown in Fig. 3. The experimental equation of
quantitative correlation may be represented as the
following :

log 0=0.131 log &,+3.012 for 538°C (1)
log 6=0.092 log &+ 3.004 for 649C (2)
log 0=0.088 log &y +2.961 for 704°C (3)
There is a quantitative correlation from Egs.

(1) ~(3). The general equation can be modeled
as the following :

log o0=log A+ B log &
=log A&’ (4)
o=Ae&"
where A and B are coefficients depending on
temperature as the following :

log A=0.012+0.007 T —4.1 X 1075 T2
B=1.568—0.0037 +1.541 X 107%T?

This is coincident with the reports by Oh (Oh et
al, 1986 ; Oh, Kim et al, 1996 ; Oh, Jeong et al,

§§§§

Creep stress, o(MPa)
2

g

Ty | e — 1 L 1
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Initid strain, £ (%)

Relationship between creep stress and initial
strain of U720 at 538, 649 and 704°C

1996 ; Oh, 1998). Equation (4) means that the
initial strain is the function of stress and temper-
ature. In order to predict the creep life (rupture
time), the correlation between initial strain and
creep life should be quantitatively examined.

3.3 Correlation between initial strain and
creep life

Figure 4 shows the relationship between rup-
ture time #,(h) and initial strain &(%) of U720
at 538°C, 649°C and 704C. In Fig. 4, in the log-
arithm coordinates, the correlation between ini-
tial strain and creep life shows quadratic curves
through the results of long time creep rupture life
tests. By increasing the initial strain, the creep life
is decreased. The higher the temperature becomes,
the less the decreasing rate becomes. The experi-
mental equations of the quantitative correlation
are as follows:
log ty=3.859—1.101 log &—1.142 (log &) for 538°C (5)
log £, =1.608—1.799 log &—0.394(log &)* for 649°C (6)
log £ =1.081—1.167 log &—0.162 (log &)* for 704°C (7)
In Egs. (5) ~(7), the initial strain has a quanti-
tative correlation with the creep life. Therefore,
initial strain has a correlation with various
characteristics of high temperature creep such as
creep stress, rupture time, steady state creep rate
and total creep rate. This is very consistent with
Oh’s reports (Oh et al, 1986 ; Oh et al, 1996 ; Oh,
1998).

Creep life (Rupture time), ¢ (h)
B

0 Ll " L I asal L
183 001 01 1 10
Initiad strain, £ (%)

Fig. 4 Relationship between rupture time and initial
strain of U720 at 538, 649 and 704C
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Equations (5) ~ (7) can be modeled as follows
because log ¢y —log & has the second order func-
tion :

log tr=log A’+ B’ log &0+ C’(log &) ?
=log A+ (B’'+ C’ log &) log & (8)
:log<AreoB'+C'log eo)

where
tr :AIEOB'+C' 1og o (9)

where A’, B’ and C’ are the coefficients depen-
ding on material and temperature.

3.4 Correlation between creep stress and

creep life

Figure 5 shows the relationship between high
temperature creep stress 0 (MPa) and creep life #
(h) of U720 at 538°C, 649°C, and 704°C .

In Fig. 5, in the logarithm coordinates, the
correlation shows also quadratic curves through
the results of long time creep rupture life tests.
The experimental equations of the quantitative
correlation are as the following :

log 6=3.129—0.034 log £, —0.017 (log ,)? for 538°C (10)
log 0=3.035—0.020 log £,—0.022(log ;)% for 649°C (11)
log 6=2.961—0.052 log £, —0.045(log #,)® for 704°C (12)
Equations (10) ~ (12) need life prediction equa-

tion including test temperature and initial strain
by ISM.
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Fig. 5 Relationship between creep stress and creep
life of U720 at 538, 649 and 704°C

3.5 Creep life prediction by LMP

The variation of metal structure occurs within a
short time at high temperature. Larson-Miller
Parameter (LMP) to predict a long time creep life
{>10°h) by an extrapolation of a short time
(<10°h) creep test result is defined as the fol-
lowing (Larson and Miller, 1952):

LMP= T (log t, +Cy) (13)

In Eq. (13), T is absolute temperature (K) and
C, is 20, which is a material constant for higher
heat-resistant material.

In Fig. 6, the relation between LMP and stress
(log 0) is linear. Then the equation is as the
following :

LMP=T (log t,+20) =K log 6+ K, (14)

where K and K are material coefficients.

Because K;=—16460.4 and K;=69312.8 in
log 0 and LMP[ T (log #,+20) ] graph (Fig. 6)
at temperature 538°C, 649°C and 704C, Eq. (14)
becomes the following :

LMP= T (log ¢,+20) (15)
=—16460.4 log 0 +69312.8

3.6 Creep prediction by LMP-ISM

It is necessary that the creep life equation
should include creep temperature, stress, rupture
time and initial strain. Then a creep life predic-
tion equation by using ISM and a creep life
equation by using LMP (Larson and Miller,
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Fig. 6 Master creep curve of U720 at 538, 649 and
704°C
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1952) in the previous section 3.5 are combined
and we call it the LMP-ISM creep life prediction
equation. Because C1=20, the equation of LMP
in the previous section is replaced by the follow-
ing:

T (log t,+20) =K log 6+ K> (16)
log £, =1 log o+ K, 1°gT" Rt (ST (17)

where K, and K, are material coefficients, T is
absolute temperature (K="C+273).

Creep life equations by initial strain method
were introduced in Eqs. (5) ~(7) and then the
general equation is expressed as the tfollowing :

logtr=log A"+ B’ log &+ C’ (log &)* (18)

By combining Eq. (17) and Eq. (18), the LMP-
ISM creep life prediction equation becomes the

following :
2 log tr=@g%'—£+log A'+B log g0+ C’
(log &)%—20 (19)

where K, K;, log A, B and C are as the follow-
ing:
1= —16460.4, K;=69312.8
log A’=74.586—0.146 T +7.233 X 107° T
B'=84.111—0.192T+1.071 X107*T?
C’'=—18.4484+0.034T —1.582X107°T?
log A’, B' and C’ are derived by Eq. (8) and Fig.
4.

3.7 Creep life prediction by ISM
The creep life prediction equation by ISM in-
cluding creep temperature, stress, rupture time
and initial strain is as the following :
By combining 6=Ag&® in Eq. (4) and
E=A'&" ¥ < in Eq. (9),
Z‘r:AAIEoB}C‘ 108 €0
The creep life prediction equation by ISM is
obtained as the following :
tr:AArEOB+B'+C’|Og£oO.—1 (20)
L t=aefo! (21
where @ and f are as the following:

.598—-0. . 0512
azAA/: ]074 598—0.138T+6.823x 1

A=B+C log &
B =B+B'=85679—0.195T +1.087X107*T?
C’'=—18.4484+0.034T —1.582X107°T*

In Eq. (21), if stress (¢), temperature (T) and
initial strain (&) are known, creep life (#) can
be calculated.

Figure 7 shows the comparison of creep design
curves for U720 obtained from LMP Eq. (14),
LMP-ISM Eq. (19), and ISM Eq. (21). These
three equations are obtained by comparing the
experimental data of the materials with standard
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Fig. 7 Comparison of creep design curves for U720
by ISM with those by LMP-ISM. LMP
methods and the empirical data at 538, 649
and 704°C
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heat treatments at 538°C, 649°C, and 704°C.

LMP has a small error in a short time (< 10%h},
but has a big error for a long time ( >10%h). It is
dangerous to use LMP. Because LMP-ISM has a
similar pattern, it is not useful in long time creep
life prediction over 10? hours. But, because ISM is
useful in long time (>10°h) life prediction and
also is very consistent with the experimental data,
the reliability of the creep prediction equation by
ISM proposed in this paper is very high. Figure 8
also shows this fact.

Figure 8 shows a comparison between both
creep life (rupture time) calculated from the life
prediction equation by 1SM and real rupture time
(experimental data).

In Fig. 8, the creep life (rupture time) cal-
culated from the creep life prediction equation
derived by ISM tests and the real creep life data
obtained from experimental data are generally
consistent. Therefore, the creep life prediction
equation by ISM has a high reliability as the
creep life prediction equation including creep
temperature, stress, and initial strain.

4. Conclusions

The results of high temperature creep life
prediction by ISM for the superalloy (Udimet
720) used as aircraft gas turbine materials are as
the following

(1) The long time creep characteristics such as
steady state creep rate and total creep rate have
quantitative relationship with the initial strain.
The initial strain can be used to predict the long
time creep life.

(2) The following creep life prediction equa-
tion by LMP is useful until 10? hours, but because
creep life is longer than real rupture time in a
long time (10°~10%) prediction, it is dangerous
to use LMP. The equation is as follows :

LMP[ T (log t;+ C1) ] =K, log 6+ K>

where C1=20, K,=—16460.4, K;=69312.8

(3) The higher the stress is, the higher the
initial strain, the temperature, and the increasing
rate become. The relation between stress (g) and
initial strain (g0) can be modeled as the follow-

ing:
O':ASOB
where A and B are as the following :

A =] 00.012+0.007T—4.1x 10-672

B=1.568—0.0037 +1.541 X 107%7T?

(4) The creep life prediction equation by [SM
is proposed as the following. It has a higher
reliability than the prediction equations by LMP
and LMP-ISM and also a high reliability in a
long time of 10°~ 10°h creep life prediction.

tr=a&’0™"
where @, 8 are as the following:

— .598—0. X 0-5T72
a= 1074 598—0.1397+6.823x10-5T

B8=8"4+C"log &

B =85.679—0.195T +1.087 X 1074 T?

C’'=—18.4484+0.034 T —1.582 X 107° T2
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