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ABSTRACT 

This program was coMucted to obtain additional and comparative creep data, 
to compare creep data from several sources, and to recommend what values to pre¬ 
sent and in what form to present creep data fo- design purposes. 

Conventional long time creep tests were performed on A-2Ô6 at 1200°F and 
1500°F; A110AT at 800°F and 1000°F; and Unimach 2 at 600 F and 900 F for pur¬ 
poses of comparing with existing similar data. Conventionalcreep tests were 
performed on Rene* 41 at 1250,, 1400, 1550, 1700, I85O, and 2000 F. 

Data were analyzed and are presented in the form of activation series 

equations. Nomographs were derived for each material. 

Cyclic creep tests were performed on Rene' 41, in which both stress and 
temperature were cycled. Cyclic data were found to be comparable to the 

constant stress constant temperature data. 
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1 
I. INTRODUCTION 

There exists today a large amount of creep data on materials ranging from 

aluminum alloys to refractory metals. In some cases, the information is adequate 

and in others very limited. The major problem encountered in utilizing some of 

these existing data is that the stresses and/or times used to obtain the data are 

usually not suitable for airframe design usage without extrapolating or inter¬ 

polating. A state-of-the-art study reveals that several investigations have been 

conducted in recent years attempting to show by empirical equations the relation¬ 

ship between the creep variables. Such a relationship, if valid, would allow 

interpolation and perhaps limited extrapolation. 

Another problem involved in the use of existing creep data is tnau of 

assessing the reliability of the data. It is generally accepted that there is an 

inherent scatter in test results, including creep data, on materials. Statistical 

evaluations of creep and rupture properties of several alloys have been reported 

in the literature. These investigators concluded that metallurgical variation 

of the material, rather than sampling technique or testing variables is respons¬ 

ible for the scatter in test data. Results of such investigations indicate that 

there may not be much difference in results between laboratories providing a 

reasonably common test procedure is used (l, 2, 3)-^ 

It is recognized that consideration of conventional creep data is necessary 

in high temperature design, however, most aircraft structures will be subjected 

to cyclic temperature and stress conditions rather than steady temperatures and 

stresses for long periods of time. Various types of cyclic testing have been 

conducted and results have been reported in the literature (4, 5, 6). Such 

testing usually has been performed with a specific application in mind, and 

attempts to correlate such data with steady state data by use of one of the 

commonly used parametric methods have so far been unsuccessful. 

The ultimate use of creep data would be the formulation of an equation 

relating stress, time, strain, and temperature. This would permit a closed 

solution to some structural analysis problems. 

1Manuscript released by author(s) June 196l for publication as an ÀSD 
Technical Report. 

2 
Numbers in parenthesis refer to references appended hereto. 
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II. DISCUSSION 

PURPOSE 

This program was conducted to obtain additional and comparative creep data, 

to compare creep data from several sources, and to recommend what values to 

present and in what form to present creep data for design purposes. To accomplish 

these objectives, the investigation was conducted in three phases as follows: 

Phase 1: Experimental work to obtain additional comparative creep 

data on three alloys, namely: A-2Ü6, an iron base super 

alloy; Unimach 2, an H-ll hot work die steel; and A110AT, 

a titanium alloy. In addition, cyclic and steady state 

creep data were obtained on Rene' 4l, a nickel base 

super alloy. 

Phase 2: Analysis of the data obtained from Phase 1, and comparison 

of these data with that previously obtained from other 

WADD sponsored investigations. 

Phase 3: Analysis of the procedures and methods used in presenting 

creep data, and recommendations for presenting creep data 

for design use. 

COMMONLY USED METHODS OF PRESENTING CREEP DATA 

The simplest method of presenting creep data isa plot of creep strain 

versus time as is obtained directly from the test data. If sufficient strain¬ 

time curves are available for different temperatures and stress levels, the 

data can be cross plotted to yield other types of curves, such as isochronous 

curves. 

A curve is required for each condition of temperature and stress. These 

curves do not permit interpolation or extrapolation. 

There are several methods of correlating creep data which stem from the 

Arrhenius rate equation: 

where k is the rate constant 

A is the frequency factor dimensionally equal to k 

Q is the activation energy 

R is the gas constant 

T is the absolute temperature 

2 ASD TECHNICAL REPORT 61-216 



Although this equation is semi-empirical in origin, it hat found applica¬ 

tions to many liquid and gaseous reactions. It was obtained by noting that if 

the logarithm of the rate is plotted versus the reciprocal of absolute temp¬ 

erature, a straight line develops with intercept at l/T equal to A, and of 

slope equal to -Q/R. This is shown in Figure 1, page 4. 

The Larson Miller Method 

In 1945, Holloman and Jaffee derived a graphical relationship between 
hardness H, and a parameter depending on time and temperature, applicable to 

the steel tempering process (9)- They assumed that tempering :.s a function of 
an activation process: 

h 
/ -Q/kt, 

fx (te ) (1) 

where h is hardness 

t is time 

Q is the activation energy 

R is the gas constant 

T is the absolute temperature 

It was found that 

h = f2 (Q) (?) 

and 

constant (3) 

Taking logarithms of Equation 3 and equating Q from Equations 2 and 3 

Q = RT [ in (t) - In (to) ] = fp (h. (4) 

h = f [g RT (I11 t/t0) ] (5) 
3 1 

or 

h = f (T In t/tQ) = f [ T (In t - In to) ] (6) 

Let 

CHJ = -10 *0 ' 01 ‘o * '"ChJ (7) 
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-Q/RT 
k - A e 

Q/R = slope 

FIGURE 1 - GRAPHICAL REPRESENTATION OF A SINGLE 
ACTIVATED PROCESS 
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Then h f IT (C L v HJ 
+ (8) m t)J 

where the Holloman-Jaffee tempering parameter is 

Q/R = HJ - f (t (Chj + In t)] 

or, if Kgj - e 
-C HJ 

then 
q/rt hj/t 

= Ae, = KHje 

(9) 

(10) 

By 1952, it had been shown by several investigators that creep, diffusion, 

and tempering appeared to conform to a rate controlled process (ll, 12). Larson 

and Miller applied the tempering parameter derived by Holloman and Jaffee to the 

correlation of creep data (7). They assumed that the time to rupture, or the 

time required to reach a given plastic deformation depends on the summation of 

the preceding creep rates and that the activation energy, Q, is independent of 

temperature, but dependent on stress in such a manner that A will be a constant 

for any material: 

Q/RT 
t = Ae (11) 

-C 

and setting A - e 
LM 

Q/R = LM (12) 

In their original work, Larson and Miller proposed that the constant C 

could be assumed equal to 20 for all materials and testing conditions, and ^ 

that the error introduced by such an assumption is negligible. However, it 

is now common practice to select a value of C-^ for each material which pro¬ 

duces the best correlation of data. 

It is important to recognize the limitations of the Larson-Miller method, 

which are a result of the authors' original assumptions. The assumption that 

A is constant is erroneous, since A is both strain rate and temperature depend¬ 

ent (10, 14, 19). The assumption that the activation energy Q is independent of 

temperature can lead to serious errors, especially when predictions are made for 

long time low temperature behavior using short time high temperature data, or 

vice versa. However, the Larson-Miller method can be successfully applied if 

used well within the steady state creep region. 

The Sherby Dom Method 

In 1952, Sherby and Dorn also proposed a method for correlation of creep 

data (8). They proposed that the total creep strain could be expressed by the 

following relationship: 
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( = f ( ö <0 

where 
- aq/rt 

e dt 

(13) 

(1M 

where AQ is the activation energy for creep. 

If temperature is constant, Equation lb can be written: 

- Aq/rt 
e te (15) 

Rewriting Equation 15 and letting 9 = A, the equation takes the same 
form as Equations 3 9^1 H* 

t = Ae 
Aq/rt (16) 

Orr, Sherby, and Dorn extended this method in 1953 to the treatment of 
deformation and rupture data ( 13) • The rupture parameter is essentially of 
the same form: 

Q r 

where 

( 
r 

9 
r 

Sherby and Dom found that their method is valid as long as the temperatures 
are greater than the minimum temperature required for rapid recovery of the 
material, or about 0.4 of the melting point. 

The limitations of this method are also a result of the authors' original 
assumptions. Sherby and Dorn assumed that the activation energy AQ is neither 
stress nor temperature dependent; however, they did assume that A is stress 
dependent (8, 14). 

The method of Sherby and Dorn can be successfully used if applied well 
within the steady state creep region. 

t e 
r 

(- AQr/RT) 

constant 

f ( a ) = A 

(IT) 

(18) 
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The Manson-Haferd Method 

In 1953, Manson and Haferd developed a method for correlation of rup¬ 
ture data and prediction of behavior based on experimental observations (10). 
Manson and Haferd decided from graphical observations, that at least for 
some materials and rupture times in excess of 30 hours, the stress rupture 
data were much better represented by plotting the log of rupture time versus 
temperature and letting the constant stress lines fan out as straight lines 
from a common point. In 1958, Manson gave a detailed explanation showing 
how to select the testing conditions in order to prepare master curves with 
a minimum expenditure of testing time (l4). The Manson-Haferd method is 
represented by the following equation: 

-Q'T 
t = A ' e 
r 

(19) 

where tr is the time to rupture 

A' is a constant 
Q« is the activation energy 
T is the absolute temperature 

The parameter obtained by the Manson-Haferd method is 

T - T 
_a_ 

LP = log t - log t (20) 
r 

where Ta and log ta are the constants which are determined graphically from a 
plot of log time versus temperature. The values Ta and log ta represent the 
point of convergence of the various stress lines on such a plot. 

Attempts to mathematically justify Equation 19 have not been successful. 
It is interesting to note that Q' is stress dependent and that A' is neither 
stress nor temperature dependent. -* 

The method of Manson and Haferd should be used only in the tertiary creep 
region, since it was derived using rupture data. 

Figure 2, page 8, shows a comparison of the constant stress lines assumed 
by Larson-Miller, Sherby-Dom, and Manson-Haferd. 
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FIGURE 2 - Comparison of Constant Stresi Lines 

(a) Manson's Method (b) Larson-Miller Method 
(c) Dorn's Method 
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ACTIVATION SERIES METHOD 

Figure 3, page 11 shows how the Lar son 411 lier, Sherby-Dom, and Manson- 
Haferd methods represent deformation data. It is readily seen that the Larson- 
Miller method favors the primary portion, the Sherby-Dorn the central, and the 
Manson-Haferd the final portion of the deformation curve. When a material 
deforms, several activated processes occur simultaneously, but reach their 
maximum intensities at different times. Assuming that these processes obey 
the Arrhenius rate equation, the overall process can be expressed by the 
following reaction series: 

v Q-,/rt q/rt q /rt 
1 + A„e ^ + A e n' (21) 

where 

Ai = f< vfí's*2); An-f( «„V 

«i - S? = f<‘s V; S, =f(T„> 

In Figure 4, page 12, the isometric graph shows the relationship between 
frequency factor, A; strain rate, /} and stress, o . Figure 5, page 13, shows 
the relationship between activation energy, Q; stress a ; and temperature, T. 

The activation series equation can be written in terms of strain: 

y F./T 0 n./T 
-M,/T D.e 1 Sie 1 

i = P e ral t +P 

where P^^, p D-^, F^, n^^, etc. are constants. 

(22) 

Rewriting this expression for constant temperature, it is interesting to 
note that it contains Hook's Law as well as the Newtonian Law for viscous 
behavior: 

t 

ß-, a ßn ^1 1 ^2 2 
K±o t + K2a t + 

where etc. are constants. 

(23) 
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The theory and derivation of these equations are detailed in Appendix 
I, page 52. 
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MANSON-HAFERD 

FIGURE 5 - ISOBARIC CREEP DATA REPRESENTED BY MANSON- 
HAFERD, SHERBY-DORN, AND LARSON-MILLER 
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III. CREEP TESTING 

In order to accomplish the objectives of this program, a limited amount of 
creep testing was done by Boeing. Three alloys which had been tested on other 
WADD contracts were retested in order to directly compare data from two or more 
sources for compatibility. These alloys are A110AT, A-28S, and Unimach 2. 
Testing was conducted at two different temperatures, and two stress levels per 
temperature for each alloy as follows: 

Alloy and Heat Treatment 
Testing Testing No. of 
Temp. 8F Stress, KSI Spec. 

A110AT Ö00 68 
Mill annealed Ö00 35 

1000 10 
1000 6 

A-286 1200 30 
Degreased in vapor degreaser 1200 4o 
Solution treated at l650°F 1 hr in argon 1500 2 
Cooled in forced argon 15OO 3 
Aged at 1325°F l6 hours in air 

Unimach 2 600 250 
Solution treated at l800°F l/2 hour 600 200 
Cooled to room temperature 900 60 
Aged at 800#F 2 hours 9OO 90 
Cooled to room temperature 
Aging repeated 
(Neutral atmosphere used for all 
heat treating operations) 

2 
2 
2 
2 

2 
2 
2 
2 

2 
2 
2 
2 

In addition to these alloys, Rene' hi was creep tested according to the 
conditions shown below: 

Alloy and Heat Treatment 
Testing Testing 
Temp. *y Stress» No. Spec. 

Rene' hi 
Solution treated at 1975°F 
Water quenched 
Aged l6 hrs. at l400cF in air 
Air cooled 

1250 
1250 
1400 
1400 
I55O 
I55O 
17OO 
1700 
I85O 
I85O 
2000 
2000 

90 4 
50 4 
50 4 
30 4 
20 4 
12 4 
6 4 
4 4 
2 4 
1 4 

.8 4 

.4 4 
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The stress levels chosen were expected to produce 1$ creep in from 500 

to 1000 hours. All test results are shown in Appendix II. 

It will be noted that some of the Rene' 4l curves show "negative creep" 

behavior in the early portion of the curve. Rene' 4l is metastable over the 

range of test temperatures used in this program. In addition to the usual 

creep deformation, metallurgical changes such as precipitation, agglomeration 

of very fine precipitates, and resolution of dispersed phases may occur. A 

volume change can occur in the material as a result of a metallurgical phenom¬ 

enon such as precipitation, and a portion of the creep curve will display a 

negative slope. The photomicrographs shown in Figlare 6, page 17 indicate that 

precipitation is occurring during exposure at test temperature, thus accounting 
for the unusual behavior noted in some of the creep curves. In most cases, 

creep deformation predominates, and a normal time-deformation curve results, 

where the creep rate is positive. 

In order to determine the effect of intermittent creep conditions, cyclic 

creep tests were conducted on Rene' 4l. Eight specimens were tested under cyclic 

stress and temperature conditions as shown below: 

Heat and load in loss than 1 minute 

Hold for 1 hour 

Unload and cool in less than 1 minute 

Repeat until 1^ creep has been accumulated 

ASD TECHNICAL REPORT 61-216 15 



The maximum temperatures and stresses used were as follows: 

Maximum 
Temp, °F 

1400 
1550 
1700' 

Maximum 
Stress, KSI 

50 
20 
6 

Number of 
Specimens 

2 
3 
3 

The steady state creep testing of Rene' 4l was done at New England 
Materials Laboratory, Medford, Massachusetts, and the cyclic creep testing 
was done at Battelle Memorial Institute, Columbus, Ohio. 

The test data shown in Appendix II are reported on an arithmetic-semi 
log plot to provide creep strain reading accuracies of + .0001 in/in, para¬ 
lleling that provided by the ISO! class B-l «xttnfOMter u*ed in t«8ting. 
An arithmetic scale is used from 0 to 0.1 hours for better accuracy in the 
primary portion of the curve. Beyond 0.1 hours, the time is plotted 
logarithmically. 

Tensile control data for all the alloys tested are shown in Appendix II. 
The manufacturers and heat numbers of alloys tested are also shown in Appendix 
II, page 98. 

Testing procedures and equipment used are reported in Appendix III, page I69. 

I 
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a. Specimen No. 44. Sample taken from 

"as received" end of test bar. 

Longitudinal section, etched with 

mixed acids, 95-3-2; 1000X. 
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b* Specimen No. 44. Sample taken from 

section tested at 1850# F and 2000 psi. 

Longitudinal section etched with mixed 

acids, 95-3-2; 1000X. 

FIGURE 6 - PHOTOMICROGRAPHS RENE’ 4l 

ASD TECHNICAL REPORT 61-216 17 



IV. DATA COMPARISON 

In order tv. in a measure of the difference that may occur between 
creep test resux obtained by different investigators, the test data gen¬ 
erated in this program were compared with that from other investigations. 
Comparison curves have been prepared and are shown in Figures 7 through 30» 
pages 19 through 42. All of the data are shown in these curves. 

The Rene' 41 material used in this investigation was heat treated to 
the condition which results in optimum tensile properties (i.e. solution 
treated at 1975°F and aged at l400°F). Most Rene' 4l creep data reported 
in other investigations have been obtained for material heat treated to 
the condition which results in optimum rupture properties (i.e. solution 
treated at 2150°F and aged at l650°F). 

The "cyclic" Rene' 4l data was compared with conventional creep data. 
These are shown in Figures 21, 23 and 25. The cumulative creep resulting 
from the cyclic tests is of the same magnitude as the conventional creep, 
i.e. the cumulative cyclic data falls within the scatter band of the con¬ 
stant temperature, constant stress creep data. It is recognized that the 
cyclic testing reported in this study covers only a small range of tem¬ 
perature and stress, and that the effect of cycle frequency was not inves¬ 
tigated. 

The scatter in data appears to be greatest for longer times (500 to 
1000 hours) where values for strain approach 1$. In some cases, the data 
obtained in this investigation fall within the scatter of data from other 
investigations (e.g. Figure 13»page 25), and in others, the data obtained 
in this investigation fall outside the data from other investigations 
(e.g. Figure 11, page 23). The Rene' 41 data which was generated by one 
laboratory shows scatter generally of a lesser magnitude than that shown 
by the data for the other alloys. 

ASD TECHNICAL REPORT 61-216 18 



ASD TECHNICAL REPORT 61-216 19 

F
I
G
U
R
E
 
7
 
-
 
C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
A
1
1
0
A
T
 
8
0
0
°
F
 
3
5
,
0
0
0
 
p
s
i
 



ASD TECHNICAL REPORT 61-216 20 

F
I
G
U
R
E
 
8 

- 
C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
A
1
1
0
A
T
 
8
0
0
°
F
 
6
8
,
0
0
0
 
p
s
i
 



ASß TECHNICAL REPORT 61-216 21 

F
I
G
U
R
E
 
9
 
-
 
C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
A
l
l
O
A
T
 
1
0
0
0
°
F
 
6
,
0
0
0
 
p
a
i
 



ASD TECHNICAL REPORT 61-216 22 

F
I
G
U
R
E
 
1
0
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
A
1
1
0
A
T
 
1
0
0
0
°
F
 
1
0
,
0
0
0
 
p
s
i
 



ASD TECHNICAL REPORT 61-216 23 

F
I
G
U
R
E
 
11
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
A
2
8
6
 
1
2
0
0
°
F
 
3
0
,
0
0
0
 



ASD TECHNICAL REPORT 61-216 24 

F
I
G
U
R
E
 
1
2
 
-
 
C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
A
2
8
Ó
 
1
2
0
0
°
F
 
4
0
,
0
0
0
 



F
I
G
U
R
E
 
1
3
 
-
 
C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
A
2
8
6
 
1
5
0
0
°
F
 
2
0
0
0
 
p
a
i
 





ASD TECHNICAL REPORT 61-216 27 

F
I
G
U
R
E
 
15
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
U
N
I
M
A
C
H
 
2 
6
0
0
°
F
 
2
0
0
,
0
0
0
 



ASD TECHNICAL REPORT 61-216 28 

F
I
G
U
R
E
 
1
6
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
U
N
I
M
A
C
H
 
2 
6
0
0
°
F
 
2
6
0
,
0
0
0
 
p
s
 



ASD TECHNICAL REPORT 61-216 29 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
U
N
I
M
A
C
H
 
2 
9
0
0
°
E
 
b
O
.
O
O
O
 
p
s
i
 



ASD TECHNICAL REPORT 61-216 50 

F
I
G
U
R
E
 
1
8
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
U
N
I
M
A
C
H
 
2 

9
0
0
°
F
 

9
0
,
0
0
0
 
p
s
i
 



ASD TECHNICAL REPORT 61-216 31 

F
I
G
U
R
E
 
1
9
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
R
E
N
E
'
 
4
l
 

1
2
5
0
°
F
 

9
0
,
0
0
0
 
p
s
i
 



A3D TECHNICAL REPORT 6l-21b 32 

F
I
G
U
R
E
 
2
0
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
R
E
N
E
'
 
4
l
 

1
2
5
0
°
F
 

5
0
,
0
0
0
 
p
s
i
 



A¿1) TECHNICAL REPORT 6i-21o 33 

F
I
G
U
R
E
 
2
1
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 

R
E
N
E
'
 
4
l
 

l
4
O
0
°
F
 

^
0
,
0
0
0
 
p
s
i
 



1 

ASD TECHNICAL REPORT 61-216 3^+ 

F
I
G
U
R
E
 
2
2
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 

R
E
N
E
'
 
4
l
 

l
4
0
0
°
F
 

3
0
,
0
0
0
 
p
s
i
 



ASO TECHNICAL REPORT 61-216 

F
I
G
U
R
E
 
2
J
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
E
 
R
E
N
E
'
 
4
1
 

1
5
5
0
°
F
 

2
0
,
0
0
0
 



ASD TECHNICAL REPORT 61-216 56 

F
I
G
U
R
E
 
2
4
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 

R
E
N
E
'
 
4
l
 

I
5
5
O
 



ASD TECHNICAL REPORT 61-216 37 

F
I
G
U
R
E
 
25
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
F
O
R
 
R
E
N
E
'
 
4
l
 

1
7
0
0
°
F
 

0
,
0
0
0
 
ps
ir
 



ASD TECHNICAL REPORT 61-216 3Ö 

F
I
G
U
R
E
 
2
6
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
R
E
N
E
'
 
4
1
 

1
7
0
0
°
F
 

4
0
0
0
 



ASD TECHNICAL REPORT 61-216 39 

F
I
G
U
R
E
 
27
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
R
E
N
E
'
 
4
l
 
1
8
5
0
°

 F
 
2
0
0
0
 
p
s
i
 



ASD TECHNICAL REPORT 61-216 40 

F
I
G
U
R
E
 
2
8
 
- 

C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 

R
E
N
E
'
 
4
l
 

1
8
5
0
°
F
 

1
0
0
0
 



'fl ASD TECHNICAL REPORT 61-21.6 

F
I
G
U
R
E
 
2
9
 
-
 
C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 
R
E
N
E
*
 
4
l
 
2
0
0
0
°
F
 
8
0
0
 
p
s
i
 



ASD TECHNICAL REPORT 61-216 42 

F
I
G
U
R
E
 
J
O
 
-
 
C
O
M
P
A
R
I
S
O
N
 
C
U
R
V
E
S
 

R
E
N
E
1 

4
l
 

2
0
0
0
°
F
 

4
0
0
 
p
s
i
 



V. DATA ANALYSIS 

The activation series equation was used to present the creep data in a 

comprehensive form. 

The constants for the equation were evaluated using the average of the data 

shown on the comparison curves. Equations formulated for each material are as 

follows: 

Alloy 

A-286 

_4 

< = 7.42 X 10 e 

-8.28 X 10 
T 

;3 
2.09 X 

2 
10 e 

-9.28 X 10 

T 

3 

2.?e 

-2.49 X 10 
3 

A110AT 

( = 346e 

L 1.673 X 10 

-2.241 X 10 .209e T 

T 

3 -6.218 X 10 

53e T 

3 

Unimach 2 , ^ ^3 
U , .-4 8.768 X 10^ 

-7.563 X 10 6.38 x 10 e —- 

25 T „ 39e 
( = 1.97 x 10°e * t 

•6.633 x 10 
T 

Nene' 4l -1.83 x 10^ 
T 

f. .l46e 

.027? x io. -.524 x 10^ 
.855e T x 7.89e T 

-1.78 x 10 

+ ,220e T „.1579 T x 27.5e T 
..8¾ x io4 

Derivation of these equations is shown in Appendix IV. 

In order to utilize these equations more easily, nomographs were designed. 

These are presented in Figures 31> 32, 33 and 34. Calculations for the nomo¬ 

graphs are shown in Appendix IV. 

Use of the nomograph is detailed in Appendix I, pages 8 5 and 84. 
Í 
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71. CONCLUSIONS 

Creep data ware obtained for A110AT, Â-286, and ünia&oh 2 for coaparing 
with similar data generated on other programs. Scatter in data is greatest 
for longer tines (i.e. 500 to 1000 hours) where the raines for strain approach 
1^. Fron the small amount of data available for comparisony it appears that 
tine to reach a giren defomation razies by a factor of 4 to 5 in most cases. 
This appears to be a reasonable correlation. 

Creep data were obtained for Bens' 4l. Both cyclic stress» cyclic temp¬ 
erature data, and constant stress» constant temperature data were obtained. 
Results indicate that the creep strain obtained from the specific cycle profile 
used in this program is cumulative and equal to the creep obtained from the 
constant stress, constant temperature creep tests. 

Test creep curres or tabulated test data are required for transmitting 
creep data. Basic test data are necessary for formulation of a creep design 
curre. 

It is recommended that, in general, average strain data with respect to 
time be presented for design purposes. Time and strain are the only creep 
variables which can be maximised or minimized. For specific applications which 
may require maximum or minimum creep data, it should be clearly noted which 
variable is being maximized or minimized. 

The nomograph formed fren the activation series equation graphically shows 
general creep behavior over a broad environnent. All four creep variables are 
shown on one graph. The nomographs shown in Figures 32, 33, and 34 were derived 
from average test data. Figure 31 shows how maximum, average, and minimum data 
oan be presented. 

The nomograph provides a means of interpolation. Limits can be imposed 
and extrapolated areas can be recognized. 
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VII. HECOMMENDATIOHS POE FURTHER STUDY 

Th« noBographic method of presenting creep data allows interpolation and 
some degree of extrapolation. Further study is necessary to define the limits 
of extrapolation. This includes short time testing for long tima behavior» 
and developsient of an envelope system for program creep study. 

The development of a computer program to obtain the equation directly 
from creep test data would assist in evaluation of creep behavior. A computer 
program would reduce time and manhours required to obtain the equation from 
test data. 

The few cyclic creep tests completed indicate that further study is necessary 
to obtain material behavior data under the effect of cyclic conditions. Several 
effects should be evaluated» e.g. effect of cyclic temperature» effect of cyclic 
stress» effect of combined cyclic temperature and cyclic stress» and effect of 
frequency of cycles on creep behavior. 
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CORRELATION OF CREEP DATA BY A 

POWER FUNCTION ANALOGY 

ASD TECHNICAL REPORT 61-216 52 



CORRELATION OF CREEP DATA BY A POWER FUNCTION ANALOGY 

INTRODUCTION 

The practical aim of creep testing is to acquire knowledge containing the 
time dependence of deformation during continued use of materials at various 
temperatures and stresses. Through the years many attempts have been made to 
formulate mathematical expressions for the relations between strain, stress, 
time, and temperature, both by empirical as well as theoretical treatises. A 
successful empirical as well as a theoretical treatise of the secondary stage 
creep alone is' not all that is required for intelligent design of creep struc¬ 
tures owing to the frequently appreciable magnitude of primary creep. 

For creep testing, every measurement has to be carefully taken and the 
temperatures have to be known with the greatest possible accuracy if the in¬ 
vestigator should ever hope to understand the material's behavior. One of the 
most neglected measurements in creep has been the change in cress-sectional 
areas. A. V. Gur'er in U.S.S.R. found that for six carbon steels in the elas¬ 
tic range, the material's volume changed due to hardening, but it deformed 
plastically at constant volume. Stress intensifications can be produced by 
the formations of localized fissures within the body of the material under¬ 
going test. This is equivalent to a reduction in the stress carrying cross- 
sectional area of the specimen. It must be pointed out that these internal 
defects, which are not present in the material initially and would not develop 
from the application of temperature alone, are developed under the combined 
effect of time, temperature, and stress and are, therefore, a genuine feature 
of the creep phenomena. The question, however, still remains: "How are we 
going to account for this internal defect by external measurements?" 

The work done on the second stage creep of metals at elevated temperatures 
has been concerned with the data correlation in terms of an activation energy 

defined by the rate theory: 

RATE ^ 
q-q/rt (31) 

where Q is the activation energy, R is the gas constant, and T is the absolute 
temperature. When applied to the process of plastic flow, the rate theory is 
normally introduced by the assumption that 

ÜL 
dt =Ke 

(32) 

where < is taken as the conventional "engineering" strain and k is an empiri¬ 
cal constant. This solution is equivocal since a typical constant load creep 
curve exhibits regions of different creep behavior. See the figure below. 
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Application oí cnuation 32 inviten the une of the secondary creep rate to 

determine the activation energy. The classical experiment of Andrade, however, 

demonstrates that a creep curve lor constant stress does not exhibit the steady 

state region of minimum creep rate, out that the rate decreases continuously, 

and suggests that the distinction between primary and secondary creep is a fic¬ 

titious one depending upon an arbitrary choice of time scale. 

¿he significance of an activation energy based upon a secondary minimum 

rate region artificially created by a gradual stress increase is questionable. 

Application of equation 32 tu a constant stress curve, on the other hand, re- 

quires either the introduction of another empirical constant or that the 
activation energ.) increase markedly with increasing time, an increase that is 

difficult to explain. The strain-rate approach does not mention the tempera¬ 

ture dependence of the activation energy since the quantity 

a (m (£-/*)! 

a m = -q/r 

is roughly constant over the limited temperature range for most creep experi¬ 

ments, and the temperature effects are ordinarily obscured. Several inves¬ 

tigators have observed that the slope given by equation 33 is not necessarily 

constant over an extended temperature range. The thermal dependence of the 

apparent activation energy observed for self-diffusion in metals is well known 

and is required in situations involving lattice, grain-boundary, or surface 

movements of the atoms. Since the creep of a metal under stress also requires 

atom movements, it would seem that the apparent activation energy for creep 

should show an analogy of thermal dependence. The empirical approach, however, 
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does not require specification of a particular mode of atom motion, such as the 
specialized mode required for movement of dislocations or lattice imperfections 
which have been envisaged in many fruitful theoretical studies of the problem 
of plastic deformation. Apparently, creep was first conceived as a self-dii- 
fusion process by Kanther who applied it to the steady state concept. Herring 
has discussed a mechanism of creep by volume diffusion which may become pre- 
dominant at temperatures nearing the melting point. In this case, strain would 
be manifested in the migration of grain boundaries and change in pain shape. 
At lower temperatures atomic motion would be localized at the grain boundaries 
where movements of relatively rigid grains would produce boundary thickening. 
Creep at still lower temperatures might require dislocation activity and pre¬ 
sumably would involve slip. 

It would be fairly obvious from the above discussion that a better know¬ 
ledge of the phases through which a solid passes before rupture takes place 
is essential for rational design of structural components for elevated temper¬ 
ature applications. 

If the total creep is defined as the time elapsed from application of load 
until rupture occurs one can in a broad sense speak of it as the sum of the 
elastic and the plastic creep. However, very little is yet known about the 
magnitude of these two components, even though the magnitude and the factors 
affecting the elastic and the plastic components are of greatest importance 
in any study of the time interval before rupture. 

When a load is applied to a specimen, it is believed to pass through the 
following stages: 

1. The elastic portion. 

2. The semi-elastic portion, including microcreep. 

3. 'fliese elastic-viscous portions include micro—as well as macrocreep 
strain hardening and thermal softening. 

4. The plastic portion, mainly macrocreep strain hardening and thermal 
softening. 

It is interesting to note that the volume change of a material decreases 
as the deformation increases. 

It should be understood that creep phenomena are composed of several, 
orocesses taking place at the same time, but reaching their.maximum contribu¬ 
tions at different amounts of strain and time. Thermodynamically, this is 
analagous to reversible and irreversible processes and the deformation process 
can be defined in terms of change in entropy. 
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THEORY 

Por the purpose of derivation of the theory, the deformation of a solid will 
be divided into two parts—the elastic and the plastic portion. This is done 
only because it serves to show how the reactions series is obtained. Typical 
true stress-strain deformation curves are shown below. 

By cross-plotting constant strain data from the above curves, a plot of 
log time versus the reciprocal of the absolute temperature is obtained and shown 

below: 
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The total deformation curve represents the time interval required in order 
to reach a given deformation. 

By using semilogarithmic paper, it can easily be shown that for most curves 
with parabolic shape, two straight lines can be drawn with such a position and 
such a slope that the nui of tholr ordinatos will at all point« be equal to 
original parabolic curve. 

The Arrhenius reaction rate theory predicts that for a given reaction, the 
logarithm of the rate plots as a straight line function of the reciprocal of the 
absolute temperature. If the parabolic shaped curve is the total deformation, 
and one of the straight lines represents the elasto-plastic deformation, and 
the other one the plastic deformation, then the reaction rate representing the 
plastic deformation is 

dC 
_E = - K C 

P P 
(3*0 

where y is the plastic reaction rate in time units, is concentration of 

moles per unit volume of material, Kp is reaction velocity constant in concen¬ 
tration units, t is units of time. 

P 
By re-arranging and integrating the above equation, keeping in mind that 

the limits of time are from zero to the end of the plastic deformation and the 
limits of C are from zero to the concentration at rupture, one obtains: 

(35) 

Then, 

(36) 

Following the same reasoning procedure for the elasto-plastic reaction rate 
an expression for the straight line is found. 

y 
E dtE = _KECE 
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(38) 

*E 

h /- 

dCr 

Ve 
E 

E 

ln cE 
(39) 

If these two reactions represent the total reaction, the sum of t ana tp must 
equal the total reaction time. Then, assuming a reaction series,** 

. . 1 . CE 1 . °P 
h ‘p'-Kj. ln CE -Kj,1" op 

0 0 

(40) 

E 
t-tj + t. t-T- In-— 

2 ^ 
(41) 

Cp " » 
t D 
0 r0 Setting In constant and equal to k^, and In constant and equal to k and 
E p ** 

K m Ae -H/8T then 
mHE/RT - H 

and K - A e 
P P 

p/RT 

Then: £j P 

-Hg/RT + -H /RT 
A e ” 

(42) 

'-v 

RT k Hj/RT 

P 
(43) 

A « proportionality factor characteristic of the system and termed frequency 
factor. 

H - the molal energy of activation. 
A ■ the plastic frequency factor. 
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Hp = The molal energy of activation of the plastic deformation. 

H = The molal energy of activation of the elasto-plastic deformation. 
E 

Ap = Elaato plastie frequency factor 

R = The gas constant 

Because of this, the desired equation for the total deformation is 
established by taking: 

C1 = ks/AE 

C2 = Hi/R 

C3 = kP//AP 

^4 = 

Then: 

C2/T 

t = C1« + C^e (44) 

Ci and C3 are constants containing stress and strain divided by the frequency 

factor. C2/R and C4/R represent the activation energy of the elasto-plastic 
and the plastic processes. 

It can now be assumed that for a complex material, a reaction series of 
this nature will represent the total time: 

t = Cie 

'2/T '4/t 

V 
'6/T 

V 
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Since Equation 45 expresses the total time to reach a given deformation 
for a given stress, one would like to develop this equation further to express 
strain as a function of stress, time, and tenperature. 

<= f (er, t, T) 

This can be dene as follows: 

Let 
Cg, C4, C5, etc. = f (T) 

etc. = f (o’ , f , T) 

For simplicity, only the first term in the reaction series will be used. 
Since C? is thermal dependent: 

-n/T 
C = Ke 7 

2 

and 

C1 = f (0 , , T) 

For constant stress, 

-n/T 

'l(const a ) 
= M i (46) 

and for constant strain, 

E/T 

= N O' 

(const f ) 
(^7) 

Therefore, 

V lci 
(const a } ^ |oonst < ]) 

-n/T E/T 
S'e -&e 

= Me Nc (48) 
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However, both M and N are thermal dependent and can therefore be expressed 

as follows: 

-n/T 
S"e 

M N = R 
(49) 

Hence : 

C 
1 

(50) 

Substituting the expressions obtained for C1 and C2 Into equation (45), the 
following equation results: 

,. -n/T 4/%E/T S' 
-n/T 

t a R 
S"e 

K -n/T 

e T 6 (51) 

Transposing, 

-n/T 
i » ' S'e 

,,e-”/T K -n/T V-eE/T 
e — e a 

e T (52) 

By removing the power on t , the equation takes the form: 

R 

S"/ 
-( 'S') 

K J_ 
e ' T s, 

(E4h)/T 
S* e 

1 e 
n/T 

(53) 

Let: 

E 
-(3^.) 

K 

S' 

S' 

E + n 

1 

S' 

P 

P 

D 

F 

ASD TECHNICAL REPORT 61-216 61 



The equation takes the form: 

( = Pe 
- ^ /T D e 

F/T 
S e 

n/T 

(54) 

It can he assumed with good reason that equation (^4) is the first terra in the 
following power series: 

- 

iA Fl/T tV ni/T +Pe 'VT<,D2e X- X “ i ( = P^e 

n 

Fg/T 

tS2e 
2/t F /T 
+.t P e ' Vr®ne 'n'- t Sne 

n a 

nn/T 
(55) 

Rewriting equation (55) for constant temperature, one can obtain Hook's Law 
as well as the Newtonian Law for viscous behavior:' . 

ß a 
1 2 2 

< = C a t + C <r t 
1 2 

ß a ^n n 
+....+ C a t 

n 
(56) 

Let = 0 ari /8=1, then: 

< = C <r + C ^ +. 
1 2 

n 

,+ c ^ = 2) c 
n n 

n 

Setting J C1 

o 

E, Hook's Law results: 

(= E 

Differentiating equation (56) with respect to time: 

djf 

dt 

ß 
\ = C 

ßi “r1 h 2 
r t + C" <7 t 

1 2 

* -1 2 1 « -1 
n 

+.. ..tC"«’ 
n 

3y setting « = ß - 1, the equation will express the Newtonian Law of 
viscous behavior: 

+ C"<r +....+ C<+ 
2 n 

n 

Setting 2 C 
0 

1 

< 

n 
a 2 C" 

0 
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Since £ is the coefficient of viscosity or the measure of the metals 

frictional resistance at the applied stress, then 

Figures 35 and 36 on the following pages display graphically the equations 
(45) and (55), as applied to metallic creep. 
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FIGURE 35 - ISOTHERMAL STRESS-STRAIN-TIME SURFACE 
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APPLICATION OF THE DERIVED EQUATION TO TEST DATA 

For simplicity, only the first two items of the derived equation will 

he used. If higher accuracy is required, more terms can be employed. 

Bv using two terms, we will assume that for a common creep test, only two 
processes are active, i.e. the elasto-plastic adiabatic semi-reversible process 

and the plastic irreversible process. 

As As + A S PLASTIC 
ELASTO-PLASTIC 

(57) 

That is to say that the deformation process is represented by the entropy 

change of the two processes. 

The strain equation can be applied to isochronous curves in the form: 

ßl « 1 02 a 2 

= C' ff t + C O’ t (58) 
1 2 

It should be noted that the reversible process does not depend on the path 

and since our first approach is continuous tension creep, « i will be zero, 

then 

Pe 
-^/T De 

F/T 

+ Le 
-m/T Ae 

H/T n/T 

(59) 

However, « , will not be zero if creep is cumulated over a period of time. That 

is to say tne elasto-plastic portion will become time dependent. 

As pointed out in the previous discussion, if the creep tests were performed 

at constant stress, true stress-strain curves would be obtained. If the tests 
were conducted as constant load tests, then the data must be transformed into 

true stress-strain curves. 

For the elasto-plastic portion where the volume is changing, the A. V. 

Gur'er's method can be used if the hardening coefficient D* is defined: 

fi - 5 - .25D/E 
o 

vhere p is the transverse coefficient end E is the modulus of elasticity in 

the longitudinal direction. 

However, until further tests have been performed, this equation is only of 
quantitative value, and any correction of the elasto-plastic portion must be 

omitted. 
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ExperlMntB perfomed in the plastic portion of creep hare found that creep 
proceeds at essentially constant roluaey i*e. the rolume change is vithin less 
than 1$. This will then justify application of P. Ludwik’s theory in obtaining 
true stress strain curres in the plastic range* 

If the Toluaes are assuaed constanty the equation of continuity would 

apply. 

a X ■ aX 
ooo 

Por the unstrained state we hare 

y - Voluae 
o 

Po - Density 

a ■ Area 
o 

X^ » Length 

and for the aaterial in the strained state we hare 

y > Instantaneous yolume 

p - Instantaneous density 

a - Instantaneous area 

A ■ Instantaneous length 

How if r0 - T then P0 « p - *A or ao/a “ A^o the tru* 

reduction in area fron tension should be defined as follows i 

a 

Similarly the true change in the length should be defined asi 

A 
o 
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now, sine« then« a(/Ä " A/Ao 

q’ - In a^/a - 6 - lnX/A0 

That is to say the tros strain equals the reduction in area. However, 

5 - ln AA can be written o 

\ ♦AA A A 
5 - In A/Ao - In (---°) - In (l + — 

o A o 

a 
Then obviously, a^a - 1 ♦ * or — - ^ . a 

and it then follows that the true stress in terms of the true strain is 

TRUE " p/ao (1 + ( ) 

In order to show the versitility of the derived equation, the equation will 
first be applied to a set of isochronous curves, then to a set of basic creep 
curves. 

APPLICATIOH OF THE DERIVED EQUATION TO ISOCHRONOUS CURVES 

Prom the basic creep curves, an isochronous curve can be obtained by 
plotting stress versus strain for a constant time, t.. 
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co 

By taking different times, a family of isochronous curves can be constructed. 
This procedure can be repeated for different temperatures in order to find the 
temperature effect. 

Having plotted the isochronous curves, we are ready to apply the equation 

01 02 
f +( = C o + B a (60j 

TOTAL E p 

The equation as it is written represents the sum of two lines of log-log paper 
of slopes ßL and ß2 , respectively. 

Since 

C a 
01 

log < r - log C 
£j 

ß log o 

(61) 

and 

0 2 
( = B O 

P 

log < p - log B = ß2 log a 

(62) 
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The lines representing * g and < ^ can be located in such a manner 
that their sums for any stress will add up to the total strain. 

After fE and fp have been located, ßi and ß2 can be calculated 
as well as the intercepts C and B. 

As previously stated, B is time dependent but C is not. 

After several values of B have been calculated, the next step is to re¬ 
late the time effect; this can be done in the following manner: 

Since (63) 

Therefore log B - log K = a log t (64) 

FIGURE 38 - PLOT OF LOG TIME VS. LOG B 
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Combining Figures 37 and 38s 

FIGURE 39 PLOT OF LOG TIME, LOG STRAIN AND LOG STRESS 

For simplicity let us assume that and /52 an(* ® are constant as long as 
the temperature is constant, then the isochronous family will oe represented 
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This procedure is repeated for various temperatures in order that a plot 
of log C, ßl , K, a , and 02 versus the reciprocal of the absolute temp¬ 
erature can be obtained. i3y so doing the intercepts P, D, L, S, and A will be 
found, as well as the slope of the lines p , P, m, n, and H respectively. 
The slopes of these lines represent the activation energies of the various 
processes involved. 

APPLICATION OF THE DERIVED EQUATION TO BASIC CFflKP CURVES 

Having obtained the basic creep data, one can plot it as shown below. 

Having plotted the basic creep data in the form shown above, we are ready 
to apply the equation 

01 «i HO o 

< = < E + < p = C'o t + C'a 2t 2 
0r a 

+...(65) 

0T 
Using only the two first terms of the series and setting C'a = k 

02 3 
and a 3 following equation results: 

a a 
1 2 

f = Kx t 1 + K2 t ¿ (66) 

This equation can be represented by the sum of two lines on log-log paper 
whose slopes are a ^ , and a g » respectively. 

Slnoe « = K, t*l 
A I (67) 

log f E - log = « 1 log t 
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The lines representing « E and , p can be located in such a manner that 

their sum for any time will equal the total strain. 

After i and f have been located, « x and ö 2 can be calculated as 
E p 

well as the intercepts and 

As previously stated, K2 is time dependent but ^ is not. 

After several values for K2 have been calculated, the next step is to re¬ 

late the stresses; this can be done in the following manner: 

Since a 

Therefore 

log K2 - log lo« a 
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FIGURE b2 PIjOT OF LOG 3TRE3S VS LOG K 
2 

Combining Figures 4l and 42 

For simplicity assume that ß /3 2> « i* and a ^ are constant 
as long as the temperature is constant. Then the basic creep curve family 
composed of constant stress curves will be represented by a series of parallel 
plastic lines. 
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FIGURE 44 FAMILY OF CREEP CURVES 

This procedure is repeated for various temperatures in order that a plot 
of log of Kx, ß lt K2, ß 2, and a 2 versus the reciprocal of the absolute 

temperature can be obtained. Soioing the intercepts P, D, L, S, and A will 
be found, as well as the slope of the lines H , F, m, n, and H respectively. 
The slopes of the lines represent the activation energy for the various processes 
involved as shown in Figures 45-49. This exercise will produce the numerical 
constants needed for the application of equation 55 to a metal. 
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FIGURE 45 - PLOT OF K = Le ^ 
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APPLICATION OF THE DERIVED EQUATION FOR GRAPHICAL PRESENTATION OF CREEP DATA 

Having obtained the creep equation for a given metal, it would bo convenient 

to display the creep behavior nomographically, 

The basic, steps to be taken in order to obtain the nomograph are as 
follows: 

!• Divide the plastic portion of the creep equation into three parts as 

follows : 

Ae 
- *7t De F/T a, ^ 

(70) 

- M/T 
Let X = Ae then log X 

Y = t 
Se 

n/T 

Z = 0 
De 

F/T 

log A 

M/t 

n/T 
log Y = Ce log t 

F/T 
log Z = De log «T 

(71) 

(72) 

(73) 

2. Plot X versus temperature 

Y versus time for different temperatures 

Z versus stress for different temperature: 

X y z 

3- Note the limits of T, <r , and t and let the physical lengths of the 
X, y, and z axis, to be Lx, Ly, and Lz respectively. Then the scale 

modulus for each axis can be determined as follows: 
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Lx 

m = X -X 
x MAX MIN 

Ly 
= Y -Y 

y MAX MIN 

Lz 

mz = Z -Z 
MAX MIN 

In order to complete the nomograph, an auxiliary axis q must be intro 

duced whose scale modulus is 

(¾_(¾. 
\ ’ (¾ + mz> 

and finally, the strain axis ( , whose scale modulus is 

(mq) i1**) 

m‘ = (mq + *z) 

b. The next step is to graphically place the axes with respect to each 

other, which is done as follows: 

By arbitrarily selecting the (X-Y) distance to equal d 1 , the (X-q) dis 

tance can be calculated as follows: 

d 2 = ( (d 1 ) 
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And by arbitrarily selecting the (q-Z) distance equal to d } , the dis 

tance (Z- < ) can be calculated as follows: 

d 4 = m ) d 5 

Through trial and error, the desired size of the nomograph can be obtained. 

See Figure 47- 

5. Use of the nomograph is illustrated as follows: 

Given: time = 

temperature = 

stress = 

Find: strain, ( 

On Figure 50, locate time (A). Draw a line vertically through t-^ until it 

intercents T0. (B) Draw a horizontal line through this interception point 

until it crosses the Y axis at (c). Connect (D) on the X axis with (C) on 

the Y axis. This line will intercept q at a point (h). 

Locate stress (e). Draw a vertical line through this point until it 

intercepts T0 (F) . Then draw a horizontal line through (f), until it inter¬ 

cepts Z axis at (G). Connect (G) and (ïï), and the strain is obtained on the 

i axis (l). 

t 
1 

T 
2 
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APPLICATION OF THE DERIVED EQUATION TO CUMULATIVE CREEP 

The temperature is kept constant while the material is deformed first at a 
constant stress o^ from the time ^ to t2 then it is deformed at constant stress 

a 2 from t to t^ and finally deformed at a constant stress of *n for the time 

interval t^ to t^ as shown below. 

t1 ^2 t3 t]+ TIME t5 tn u n . 
Since the elastic range is assumed to be not time dependent, only the plastic 

portion must be considered. 

The basic creep curves are represented by the equation 

( + 

0. a ß 2 
C a 1 + K t a (74) 

Therefore 

P 
“ ß2 K t a ¿ (75) 
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Setting 

A < = f .( 
1 2 1 and A tx - - tj 

Hi;, -., and A t2 - t^ - t^ 

Ain =•€„-#, “ 1 n n n-1 and At - t - t , 
n n n-1 

Then 

( ( 
2 1 

(.( 
2 1 

~ *2 * K ° ( ( ' 2 ~ f 

K o 

K o 

ß 

ß 

(Vti) 
ß 

(76) 

(77) 

(78) 

By substitution the equations 76, 77, and 78 will become 

Ac 
i 

K a 
ß 

A i l 

A t. 

ß 2 * 
k 2<yh) 

4,2 ■ " "j 2Vi*4V-4.i 

(79) 

(80) 

(81) 

Rearranging equation 80 to obtain 

Ai, 

Vh 

Substituting this result into equation 81 to obtain 

a r Ai 1 
Ai _ y „ 0 I (- 

2 = K *2 A 0 
+ A t2 J - A c x (82) 

Equation 82 can now be written in general terms by setting n equal to the number 
of cycles. „ . At 1 a 

ß I m=n ,—JLi\ « I * m=n 

»IL ^ * Al»J ' í,iA< »-i (85) Ain - K a 
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Since the tetal strain is represented by 

Total 

m = n 

^ A * m-1 ^ ( n 

mal 

m 

the following equation car be obtained by combining equations 83 and 84 

m = n ßl 

= X a < m. Total * “ 
m = 1 

+ K<r n 

m = n 

1' (- 

m = 1 

\ ( m -1 a 1 
:-i-^r)+ Atl te« 
K * I n 

or 

ßi 

Total 
= K <r 

n 

m = n 

1 

mal 

, A< m-1 s a 
(-:—pi) + 
K <r n 

At 
n 

(86) 

However, since 

m a n 

£ A < 

man 
¿i 

, = 2 K (» ) ( At ) 

m = 1 mal -1 

(87) 

the total strain can be expressed 

01 
0 
l/« man a m_i 

K a 1 V (l ) (At_ ,) +. At 
t n 

mal 
n 

m-1 n 
(88) 
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APPLICATION OF THE DERIVED APPLICATION FOR REVIEWING OTHER CREEP EQUATIONS 

Steady state creep and creep rupture characteristics of engineering 

materials are mostly displayed and correlated by the use of some variation 

or other of the single activation process: 

-Q/RT 

k = Ae 

See Figure 51* The more commonly known variations of the above equation are 

the Larson-MiHer, the Sherby-Dorn, and the Manson-Haferd methods. These three 

methods will be discussed separately at first, and then in connection with the 

derived activation series equation. 

The Larson-MiHer Method 

In 19^5 Hoi lemon and Jaffee derived a graphical relationship between the 

following tempering parameters: hardness, H; time, t; and temperature, T. This 

ex post facto type derivation assumes that the tempering is governed by an 

activation process, hence: 

h = fl (t e (89) 

It was, however, found that 

h = (Q) 

and that 

. -Q/RT 
te ' = t = constant (91) 

Taking the logarithm of Equation 91 s-nd equating Q from Equations 90 3-nd 91» 
one obtains: 

Q = RT J In (t) - In (tQ) J = f^ (h) (92) 

hence : 

h „ f3 [ e RT (In t/t0) ] (93) 

I 
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or 

(94) h = f (T ln t/tQ) = f [ T (ln t 

finally letting 

C 
HJ 

= -ln t 
o 

(95) 

(96) 

(97) 

By 1952 it had been shown by many investigators that creep, diffusion, 
and tempering appeared to conform to a rate-controlled process; therefore, 
Larson and Miller proposed that the graphical relationship derived by Holloaon 
and Jaffee should be directly applicable at a time-temperature relationship 
for stress rupture and creep. 

They assumed, however, that the time to rupture or to reach a given 
plastic deformation will depend on the summation of the preceding creep rates 
and that the activation energy will be independent of temperature, out dependent 
on stress in such a fashion that A will be a fixed value for any material: 

then 

h = f ( T (Crj + in t) ] 

where the Hollomon-Jaffee tempering parameter is 

Q/R = 'HJ » f[T ( CUT + ]n t 
nJ )] 

-c 
or. if >if Khj- 

HJ 
then 

t = Ae q/RT HJe 
hj/t 

t = Ae^RT 

“CLM 
therefore setting A • e 

q/R = - f (t (¾ + In t)] 

(98) 

(99) 
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This relationship is presented graphically in Figure 52. 

The Sherby-Dorn Method 

In 1952 Sherby and Dorn also proposed a method for correlation of creep 
and rupture. They found that the total time required to reach stress rupture 

or a given strain could be expressed by the single term functional relation¬ 

ship: 

- n/RT 
9 = t e (100) 

Rewriting and setting 9 = A, the equation takes the same form as Equation 91 

and Equation 98: 

t = A e 
h/rt 

(101) 

However, Sherby and Dom assumed that the activation energy, H, is 

neither stress nor temperature dependent, but made the stipulation that A 

will be stress dependent. In Figure 52, a sketch is shown of the Sherby-Dom 

method. 

The Manson-Haferd Method 

In 1953 Manson and Haferd studied the Larson-Miller and the Sherby-Dom 
parameters and decided that semilog plots of rupture time versus reciprocal 

of the absolute temperature did not result in true straight lines. They 

therefore concluded that stress rupture data plotted in this manner could not 

be represented reliably by either constant stress lines fanning out from a 

common point or by parallel lines. 

Manson and Haferd decided from graphical observations, that at least for 

some materials and rupture times in excess of 30 hours, the stress rupture 

data were much better represented by plotting the log of rupture time versus 

temperature and letting the constant stress lines fan out as straight lines 

from a common point. The Manson-Haferd method is represented by the following 

equation: 

t r (102) 

Comparison of the Larson-Miller, the Sherby-Dom, and the Manson-Haferd and 

the Activation Series Method 

The Larson-Miller, the Sherby-Dom, and the Manson-Haferd methods have 

been reviewed. The reason being that these methods have received a wide 

application for interpretation and extrapolation of steady state creep and 
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creep rupture. These methods were not intended for use in the Elasto-Plastic 
Region and will therefore yield great errors as applied to that region. See 
Figure 53• 

It is therefore important that the principals upon which these methods 
have been based and their limitations are fully understood. For instance, 
the Larson-Miller method assumes that the frequency factor A is a constant 
and takes the activation energy to be only stress dependent. 

Even though the basic equation for the Manson-Haferd method differs from 
the Larson-Miller equation, the assumptions for the frequency factor and the 
activation energy are the same. 

The Sherby-Dorn method chooses to make the frequency factor stress de¬ 

pendent (see Figure 54) while the activation energy is assumed constant. See 

Figure 55» 

The activation series makes the frequency factor stress and strain de¬ 

pendent (see Figure 54) while the activation energy is stress and temperature 

dependent (see Figure 55). It is therefore obvious that the method with the 

greatest amount of freedom will represent the materials deformation character¬ 

istics over the greatest range. 

This is brought out in Figure 56 where it is readily seen that the Larson- 

Miller method favors the primary portion, the Sherby-Dom method the central 

portion, and the Manson-Haferd method the final portion of a metal's defor¬ 

mation curve, while the activation series method covers the whole deformation 

range. The conclusion is, therefore, that the activation series should be used: 

t = A-,e 

Q /RT a/RT 

+ Age ¿ +...+ A^e 11 

where 

A1 3 f ( * 1* A2 = f ^2* 17 2^’ An = f ^ ^n* ^n^ 

(103) 

Q1 = f ( Tl); Q2 = f ( V T2); Qn = f ( %, Tj 

In Figure 54, the isometric graph shows the relationship between A, * , 

and a , while Figure 55 is an isometric graph of the Q, 0 , and T relation¬ 

ship. 

This method will be superior in accuracy and cover the whole deformation 

range of a metal, i.e. the elastic, the elasto-plastic, the steady state, and 

the tertiary as well as the rupture region. 
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k 
-Q/RT 

- A e 

Q/R = slope 

FIGURE 51 - GRAPHICAL REPRESENTATION OF A SINGLE 
ACTIVATED PROCESS 
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The error introduced by the use of 

steady state equations in the elasto- 

plastic region is shown by the shaded 

area. 

TIME 

FIGURE 53 - A BASIC ISOBARIC CREEP CURVE 
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MANSON-HAFERD 

l/T 

FIGURE % - ISOBARIC CREEP DATA REPRESENTED BY MANSON- 

HAFERD, LARSON-MIDLER, AND SHERBY-DOHN 
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APPENDIX II 

TEST DATA 
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TABLE 2 - TENSILE CONTROL DATA 

MATERIAL TEMP. 
(°F) 

A-286 70 
Solution Treated 70 
fc) l630°P, Aged 70 
lo hrs, ö 1325°F 

1200 
1200 

1500 
1500 
1500 
1500 

AllO.vT 75 
Mill Annealed 75 

75 

800 
800 

1000 
1000 

Unimach 2 75 
Solution Treated 75 
@ 1800°F 75 
Double Aged 
2+2 hrs. @ 800°F 

600 
600 

900 
9OO 

YIELD ULTIMATE 
(PSI) (PSI) 

109,600 156,800 
119,500 156,800 
117.500 I55.3OO 
115,553 156,300 Avg. 

101.500 120,000 
101.500 119.200 
101,500 119,600 Avg. 

29,400 ' 36,700 
37,200 44,300 
29,100 32,900 
25.900 2b.400 
29.900 35,075 Avg. 

121,700 126,000 
121,900 125,700 
126.500 129.400 
123,300 127,033 Avg. 

61,300 76,000 
61.300 75.000 
61.300 75,500 Avg. 

54,500 70,100 
55.100 67.500 
53,800 68,700 

233,000 293,600 
224.700 

220.700 505.000 
226,113 298,300 Avg. 

206,700 275,200 
206,100 275.200 
2O0,400 275,200 Avg. 

191,100 205,500 
181.900 231.900 
186,500 218,700 Avg. 
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TABLE 2 (Concluded) 

MATERIAL TEMP. YIELD 
(°P) (PSI) 

Rene ' 4l 78 
Solution Treated 78 
© 1975°F 
Aged 16 hrs. 
© 1400°P 1250 

I25O 
I25O 

155,400 
157.200 
156,300 

125,600 
126,100 
125.900 
125,866 

1400 115,600 
114,700 
115.300 
115,200 

1550 
1550 
I55O 

I7OO 
1700 
I7OO 

1850 
1850 
1850 

100,400 
98,300 

?7i.6oo 
98,766 

53.400 
53,800 

58,i¿oo 
55,233 

21,600 
20.400 
22.000 

21,333 

2000 8,150 

2000 - 

2000 7.350 
7,750 
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ULTIMATE 
(PSI) 

202,300 

204.100 
203,200 

166,500 
173,300 
160.700 
Ï&Î853 

136,200 
138,600 
139,000 
137,933 

106.100 
102,400 
105.200 
10ÍÍ56¿ 

57,600 
55,000 

60,200 
57^00 

24,600 
24,400 
23.100 
247033 

9,450 

9,250 

2^00 
9,333 



FIGURE S7 - TEST CURVES A110AT 8000F fi,000 pai 
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FIGURE “)4 TI'.JT CURVED All OAT 1000* P 6,000 psi 
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FIGURE 6J - TEST CUHV. A-286 1200°F 40,000 pai 
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¡■'I(JURE h') - TE.;? curve UHIMACH 2 6U00°f 200,000 psi 

Fl (JURE 70 - MST CUi.'VE l’NI-.ACH ? 600°F ,^0,000 psi 
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TIME-DEFORMATION CURVES FOR UNIMACH 2, SOLUTION 
TREAT 1/2 hr, is 1800°F in argon, cool in argon. Double 
age 2 hre, * 2 hre, tí 800oF in argon, cool in argon. 

FIGURE 71 - TK.:T CUKVI, UNIMACH ? WXTF 2^0,000 psi 

FIGURE 72 - TEST CURVES UNIIUCH 2 900“F 60,000 psi 
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FIGURE - TBGT CURVES !JNIÎ*UCH 2 900°F 90,000 psi 
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KIGUlíE 77 - TEST CURVE RENE' 41 1250“E ';0,000 pel 
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pjCUHK flO - T.,aT CURVE HENK* '<1 1?WP 90,000 psi 
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FIGURE Ol - ¡'FUT CURVE RENE1 41 1250“F 90,000 pal 

FI !UH fl? - I'EG'I II' IV REMI ' 4] ! 'WF 0 I pal 
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Fil»UHU n't - ÏK.iT OUHVK HKNX' 41 l40oJf' 50,000 psi 
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FIGURE 86 - TEST CURVE RENE' 4l 1400*F )0,000 pni 
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FIGURE 8? - TEUT CURVE RENE' 14<X)0F 50,000 psi 

ST 

FIGURE 88 - TEST CURVE REUE’ 4l 1400°F 50,000 pal 
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FIGURE 92 - TEST CURVE RENE1 4l IWF 12,000 psl 
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FIGURE 9} - TEST CURVE REME' 4l 1550°F 12,000 pai 

FIGURE 9'i - TEST CURVE RENE' M 1550°F 20,000 psi 
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FIÜUKK 97 - Tt’ST CURVK RENE' 91 20,000 psi 
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FIGURE 99 - TEST CURVE RENE' 41 1700“F 4,000 pajj 
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I FIGURE 102 - TEST CURVE RENE' 1700°F 6,000 psi 
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FIGURE 10} - TEST CURVE RENE1 1700*F 6,000 pni 

asd technical report 61-216 125 



ASD TECHNICAL REPORT 61-216 126 



ASD TECHNICAL REPORT 61-216 12? 



FIGURE 109 - TEST CURVE RENE' 41 1850”F 1000 pai 

FIGURE 110 - TEST CURVE RENE' 41 1850°F 2,00" psi 
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I 

l-^Uíih 11? - TKST CUHVK RiiNtí' 'ti 18^i0oK 2000 pal 
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PICURE 115 - TRET CURVe. RENE ' 4l 2000°F 400 pal 
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KICUHfc 118 - Ï.-IS'P CUHV:-: hK’.K* M .tXX)“F «00 psi 
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I 

FIGURE 120 - TK.'iT GURVt ¡(ENK1 M 2000°F BOO psi 
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APPENDIX III 

TEST PROCEDURES AND EQUIPMENT 
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BOEING TEST PROCEDURE FOR A-286, AllOAT, AND UNIMACH 2 

TEST EQUIPMENf 

Tests were conducted in a temperature controlled laboratory (72°F + 1°F) 

in machines mounted on a concrete floor isolated from external shock and 

vibration. 

The tests were conducted in BAG 10,000 pound and Riehle MCR-20, 20,000 

pound shock mounted, constant load, dead-weight, lever arm type test machines 

with automatic beam leveling. Pin grips terminating in self-aligning universal 

joints were used to insure axial loading of the specimen. 

Strain-time curves were autographically recorded using a Riehle model 

DHK-20B extensometer in conjunction with Riehle model CDR-1 strip chart 

recorder. 

Riehle averaging extensometers calibrated with individual strain-time 

strip chart recorders giving ASTM extensometer class B-l accuracy of +0.0001 

inches or better were used for strain measurement. The extensometers were 

calibrated before each test using a Riehle extensometer comparator which in 

itself is accurate to within + 0.000002 inches. 

Load-time curves were autographic ally recorded using a strain gage load ... 

cell, with the test specimen, in conjunction with a Leeds and Northrup Speedomax 

Model S adjustable zero adjustable range strip chart recorder. 

Temperature was measured with chromel-alumel thermocouples attached at 

the center and ends of the 2.0 inch gage section. A Leeds and Northrup Model 

"G" Speedomax in conjunction with a Leeds and Northrup two action D.A.T. 

control was used as a temperature indicated recorder controller. Temperature 

checks were accomplished with a Leeds and Northrup Model. 8662 portable potentio¬ 

meter. A standard Marshall creep, furnace equipped with external shunts was 

used as the test chamber. The test specimen is shown in Figure 124. 

TEST PROCEDURE 

In order to be sure that heat treatment produced the desired material 

strength, seven specimens of each material were tensile tested to failure at 

temperatures identical to those used in the creep tests. 

A mechanical dynamometer was placed in the creep machine and dead weights 

were added to the beam until the predetermined test load was registered. The 

dynamometer was then removed and the specimen with extensometer and thermo¬ 

couples attached was inserted to tandem with a load cell into the setup as 

shown in Figures 126 through 129. 

The specimens were heated to test temperature at ?0°F + 5°F per minute. 
Care was taken not to over heat the specimen. A temperature gradient of less 

than 2.9°F and 5*0°F in the BAG and Riehle machines respectively over the two 

inch gage length was obtained by varying the external shunting of the furnace. 

The stabilized temperature gradient was accomplished and the test specimen 
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loaded with 2.8 hours + 0.5 hours after the test temperature was first 

reached. The indicated test temperature was maintained to within 1.0°F and 

2.5°F in the BAG and Riehle machines respectively throughout the test. The 

load was applied with a fixed head-travel rate of 0.32 and 0.01 inches per 
minute in the BAG and Riehle machines respectively. 

The thermocouple survey at 1500°F for 1000 hours indicated that there 

was no thermocouple deterioration problem. 

The gage width and thickness dimensions were measured with a micrometer 

caliper to the nearest 0.0002 inch. 
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NEW ENGLAND MATERIALS LABORATORY TEST PROCEDURE FOR RENE' hi 

TEST EQUIPMENT 

The conventional creep tests were performed by New England Materials 

Laboratory, Medford, Massachusetts. 

The creep tests were performed on test frames consisting principally of 

a single vertical section of 8 inch steel channel which provides support for 
the loading beam and test furnace. Two small support legs project to the 

rear of the vertical member to give the frame lateral stability. Hardened 

steel fulcrum blanks are mounted at the top of the frame and a 1 inch thick 
steel base plate bolted to the concrete floor provides an anchor for the 

specimen loading system. 

Loading of the test specimens was accomplished by means of a simple 

uniform cross section steel beam, with hardened steel knife edges at three 

points of contact; the fulcrum, the specimen loading shackle, and the weight 

pan pivot accuracy of the loading system is within .1$ of calibrated load. 

The test furnaces used are resistance heated tube furnaces with sight 

ports front and rear to permit optical creep measurement. Each furnace is pro¬ 

vided with 10 shunt braces spaced evenly along the heating element to allow the 
necessary adjustment of temperature along the specimen and adapter assembly. 

Three thermocouples were attached to each test specimen, one at the center 

oí the gage section and one at each end. The center thermocouple was the 

control couple and provided the temperature record. The other two couples were 

checked periodically with a potentiometer. Temperature was controlled by 

Honeywell Electronik" potentiometric indicating controllers with a response 

sensitivity of +1°F. Temperature was recorded on a Western ?.h point recorder 

of comparable sensitivity. 

Creep was measured optically with a filar eyepiece micrometer microscope 

(llOX). The creep gage consisted of a length of 20 mil platinum wire attached 

at one end oí the specimen gage and a length of small diameter platinum tube 

attached at the opposite end. The platinum wire was notched at intervals of 

approximately 0.010 inch and extended into the tube. As the specimen elongated, 

the wire was withdrawn from the tube and the deformation was determined by 

measuring the change in the distance from a reference notch on the wire to the 

tip of the platinum tube. Two gages were mounted on each specimen (on opposite 

sides). Readings taken from opposite sides of the specimen were averaged. The 

measuring microscope reads directly in increments of O.OOO5 mm (O.OOOOI97 inch). 

Clamps were used to mount the platinum creep gages. The clamps consisted 

of rectangular pieces of chromium alloy with a saw cut slot which fit over the 

specimen gage. The clamping action was provided by the difference in expansion 

coefficients of the chromium and the Rene' kl. 

The test specimen is shown in Figure 125. 
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TEST PROCEDURE 

Specimens were placed in the test furnaces and brought to temperature as 

quickly as possible. Specimens were held at test temperature for approximately 

two hours before the load was applied. A hydraulic jack was used to apply the 

load. 

Microscope readings were taken immediately before and after application, 

of load and then periodically at intervals determined by the estimated duration 

of the test. Readings were taken immediately before and after removal of the 

load. 
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BATTELLE TEST PROCEDURE FOR RENE' 4l CYCLIC TESTING 

THERMAL CYCLE 

The basic thermal cycle consisted of the following steps which wore 

performed in sequence: 

1. Heat rapidly to maximum test temperature. 

2. Apply maximum stress. 

3. Maintain maximum temperature and stress fer 1 hour. 

4. Unload. 

5. Cool rapidly to below 300*F. 

The maximum temperatures used in this program were l400, 1550 and 1700#F. 

The maximum stresses corresponding to these temperatures were 50,000, 20,000 

and 6,000 psi, respectively. The minimum temperature was specified as any 

temperature below 300*F and generally ranged between 200 and 300 F during 

these tests. The minimum stress for all specimens was approximately 225 psi, 

which resulted from the weight of the lower specimen grip and retaining nut. 

The average time required for performing each of the steps in the basic 

cycle was as follows: 

Specimens 

7, 8 

3, 10, il 

5, 6, 12 

Maximum 

Temp. 8F 

l400 

1550 

1700 

Heating 

Time, Sec. 

30 

34 

38 

Loading 

Time, Sec. 

2 

2 

2 

Unloading 

Time, Sec. 

2 

2 

2 

Cooling 

Time, Sec. 

30 

36 

4l 

Originally, all tests were to be continued until 1000 hours had been 

accumulated at maximum temperature and stress, until 1 percent creep had 

been accumulated, or until rupture, whichever occurred first. However, 1 

percent creep was reached at times on the order of 150 to 200 hours and 
most of the tests were discontinued after 1 percent creep had been accumulated. 

TEST EQUIPMENT AND PROCEDURE 

All cyclic creep tests were made in standard Battelle-type creep testing 

frames shown in Figure 130. These machines were previously calibrated and 

found to be veil within the permissible variations specified in ASTM Standard 

EI39-58T for accuracy and axiality of loading. A close-up view of one test 

unit with the furnace in the raised position is shown in Figure I31. 
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Specimens were heated to temperature by a combination of radiant heating 

from a Chromel-wound creep test furnace and by auxiliary self-resistance 

heating supplied by a 1-kva transformer. A short stainless steel lead was 

welded to the top shoulder of each specimen to enable the auxiliary power 

lead to be connected to the specimen while the furnace was in the raised 

position. 

The auxiliary heating was applied to the specimen for 28 seconds at the 

beginning of each cycle and was then applied intermitcently, as required, 

until the furnace was reheated sufficiently to maintain specimen temperature 

within the desired limits. The period of intermittent heating was approxi¬ 

mately 2 minutes per cycle. 

Cooling was accomplished be means of a fan, which was turned on auto¬ 

matically when the furnace was lifted to the raised position at the end of 

each cycle. 

Loading and unloading of the specimen was accomplished by lowering or 

raising the lever arm on the top of the creep machine by means of a hand 

wheel and threaded jack. 

Temnerature was indicated by means of calibrated 22-gage Chrome1-Alumel 

thermocouples wired to the center and near each end of the gage section, as 

shown in Figure 131, and was measured by means of a semi-precision potentio¬ 

meter. The temperature indicated by the center and top thermocouples was 

recorded continuously during the first five cycles of each test, and that 

of the bottom thermocouple was checked frequently during this period.. For 

the remainder of the tost, the center thermocouple was monitored continuously 

during reheating to temperature and for a few minutes of each cycle; the top 

thermocouple was recorded at regular 3-minute intervals; and the bottom thermo¬ 

couple was used for controlling furnace temperature. The temperature indicated 

by each thermocouple was measured and recorded four times daily. 

During rapid heating and intermittent application of the auxiliary power, 

an effort was made to keep the temperature indicated by the center thermocouple 

at the desired test temperature. The temperature indicated by the top and the 

bottom thermocouples lagged behind that of the center thermocouple during rapid 

heating and for the-first few minutes of each cycle. This variation in temp¬ 

erature was caused by the cooling effect of the extensometer clamps on either 

end of the gage length. The variation between the indicated temperature for 

each of the thermocouples and the desired test temperature was within the 

range +6, -20*F during the first 10 minutes at maximum temperature and +3*F 

for the duration of the cycle. 

In the case of Specimens 1 and 2, overheating of the center of the speci¬ 

men occurred during rapid reheating to temperature during the early part of 

the test. This happened because initially an end thermocouple was being moni¬ 

tored during reheating, the center thermocouple being used for recording. In 

subsequent tests, the thermocouples were used as described above. 

Strain was indicated by means of platinum strip extensometers which were 

clamped to the ends of the 2-inch gage section. Because the specimens were 

not straight, extensometers were mounted on opposite sides of the specimen, 

as shown in Figure 131, in order to minimize the effect of straightening the 
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specimens during loading. Strain was measured optically by means of a cali¬ 

brated 20-power filar micrometer microscope on which the smallest division 

is 0.00005 inch. The readings from the two extensometers were then averaged 

before recording. 

All the specimens, particularly Specimens 7 to 12, were bowed when re¬ 

ceived. Consequently, the extensometer strip mounted on the convex side of 

the arc indicated a very low, or even negative, value of strain when the 

applied load straightened the specimen, and the extensometer on the concave 

side indicated too high a value. Although the two values were averaged, the 

error incurred in the observed loading and unloading strain values is apparent. 

This error would not be expected in the creep readings, since these were taken 

only when the specimen was loaded and reasonably straight. 

During the first cycle only, strain was measured at maximum temperature, 

both before and after loading and after unloading in order to determine the 

initial loading and unloading strains. During subsequent cycles, strain was 

measured only when the specimen was at maximum temperature and stress. 

Sufficient readings were made to define the creep-time curve adequatelv, with 

no fewer than one reading being made during each three cycles of test. 

The atmosphere was air for all tests. 
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FIGURE 126 - SPECIMEN INSTALLATION BAG CREEP TESTS 
DEAD LOAD LEVER ARM CREEP MACHINE 
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FIGURE 127 - TEST SETUP BAC CREEP TESTS DEAD LOAD 

LEVER ARM CREEP MACHINE 
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FIGURE 128 - SPECIMEN INSTALLATION RIEHLE CREEP TESTS 
DEAD LOAD LEVER ARM CREEP MACHINE 
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FIGURE 129 - TEST SETUP RIEHLE CREEP TESTS DEAD LOAD 
LEVER ARM MACHINE 
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FIGURE 130 - BATTELLE CREEP TESTING FRAME 
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FIGURE 131 - BATTELLE CREEP TEST SETUP 
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APPENDIX IV 

CALCULATIONS 
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CALCULATIONS 

The following calculations illustrate the application of the equation derived 
in Appendix I to test data. Calculations are shown for A2ü6 from test data in¬ 
cluded in Appendix II. 

In addition, calculations are detailed for the nomograph shown in Figure 31. 
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CALCULATION OF CREEP EQUATION FOR A286 DATA 

Givens Strain-Time curves for A286 at 1200° 

Problems Determine numerical values for the constants K, ^ , a , for A286 

by least squares method. 

Equations Useds 

^ ® (104) 
< = K 0 t 

ß , (log °2) - (log °)2 (1Q5) 

(log < loga) - (log < ) (log0-) 

log B = log T -ßlog'ä (106) 

log B log"! - (log B) (log t) (107) 

(log t) - (log t)2 

- - (108) 
K = log f - a log t 

Plot the A286 strain-time data at 1200 as in Figure 1^2. 
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2 ß . ilP&Æ°gg.)2 
log < lo^-(log f)(lo# ) 

.654 - (1.410) (.441) 3 .654-.621 

.469 

3. This procedure is repeated for each time increment used; in this case 

200, 100, 50, and 10 hours with the resulting values for ß 

ß^QQ hours = .469 

ß200 hours = .485 

01OO hours = .602 

ß (-Q hours = I.23O 

ß 10 hours = 1.07 

ßivg. = .771 

4. Taking the arithmetic average of the ß 's draw parallel lines through 
the centroid of the data points for each time. See Figure 132. 

5. Compute the constant, B, for each of these lines in the following manners 

log B = logT - ß log TT 

Using 5OO hours for example: 

log B500 hours = log 3.33 X 10"3 - (.771) (log 29) 

= (7.51851-10) - (.771) (1.46240) 

= (7.51851-10) - I.I275I 

= 6.39100-10 

Bj-qq hours = 2.46 x 1C 
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6, Repeating this for each time, 

—/l 
B,-qo hours = 2.46 x 10 

_4 
B200 hours = 1.55 x 10 

®ioo ^ours = x 
B hours = 5*50 x 10 ^ 

B^q hours = 2.25 x 10~^ 

Note that the intercepts of the constant time lines with the stress level 
equal to one (l) are the same as the computed values of B. 

7. Plot log time versus B. See Figure 133* 

6.' Compute by least squares, the regression line and its slope, a , for 
these points: 

t B x 10~^ 

10 2.25 

50 5.5 

100 8.6 

200 15.5 

500 24.6 

TOTAL 860 56.45 

AVG. 172 11.3 

log t 

1.00000 

1.69897 

2.00000 

2.3OIO3 

2.69897 

9.69895 

1.93979 

jogJL 

.35218 

.74036 

.93450 

I.I9O33 

1.38021 

4.59760 

.91952 

(log ll 

1.0000 

2.8865O 

4.00000 

5.29470 

7.28440 

20.46550 

4.093IO 

log t log B 

.35218 

1.25785 

I.869OO 

2.73899 

if Iff 15 

9.94315 

1.98863 

9. a = 
log B log t - ( 1 o/{ B) (log t) 
log t^Xlog t)^ 

1.98863 - 1.78367 
4.09310 - 3.76278 
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10. Using equation 108: 

K = ïôg"B - « log t 

K = 5.91952 - (.62045) (1.95979) 

= 4.7159 X 10"5 

Note that this value is the same as the intercept of the regréssion line 
through the points and time equal to one (1) hours. 

11. Substituting into equation 104 above, the following equation for A286 at 
1200°F was obtained: 

i 4.72 X 10 -5 .620 

12. This same procedure was followed for A286 at 1500’ and 1500" with the re 
suiting equations: 

< , 1.73 a 10‘5 „ 1.83 t .773 for 1500=F 

^ -6 a 1.199+ .660 for 1500°F 
i = 6.09 X 10 ° t 

13. To obtain the general form of the equation, the equations for constant 
temperature were combined. Plot: 

log K vs ! , 

log vs 

and i 
log a vs Tp 

when T is absolute temperature in °R. 
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14. Let K = Le m/T 

^ - Ae "A 

< = Se n/T 

fSr ll0r:S qhe re«reasI°nJUnes are H. And n respectively. The vaines 
for L, A, and S were computed mathematically using method shovn in Step 10. 

15» The following values were obtained: 

K = 7.42 X l(f4 e -8*?8 x lo3/T 

= 2.09 x 102 e _9,55 I 1C)3/t 

a = 2.7 e“2,4^ x ^®3/T 

The general equation then becomes: 

7.42 x 10 
_4 0.28 x 107T 

2.09 102e 
■9.35 10Vt 2.7e‘2,47xl°3/T 

(59) 
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CALCULATION OF NOMOGRAPH FOR A286 

Consider the equation 

-8.28 X 10- 2 
-4 T 2.09 X 10 e 

t = 7.42 X 10 e ° 

3 

By letting 

-8.28 X 10 
-4 T 

X = 7*^2 X 10 e 2 

- 9.25 X 10^ 
2 T 

y - a 2*09 X 10 6 

t 2.7 e 
Z => t J- 

■9.25 x 10' , 
T -2.49 x KT 

t 2.7 e T 

(109) 

(no) 

(in) 

(112) 

Equation 109 takes the form: 

< = x y z (115) 

or 

log ( = log x + log y + log z (114) 

Equation 114 can be expressed by a simple alignment chart. 

Equations 110 and 111 and 112 can be plotted and the x, y, and z axes aligned 

to form a nomograph. 

1. Plot equation 110; x vs. T: 

8.28 x 105 
1_ T 

1200°F = 1660°R 4.99 

1550°F = 1810°R 4.57 

1500°F = 1960°R 4.52 

-8.28 x 10^ 
e__T 
.00672 

.01057 

.01471 

x g 
4.99 x 10" 

7.69 x 10'6 

I.09IX 10"5 

Let the x scale = 15"» and the limits of x be 2 x 10-^ and 6.7 x 10 
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X 

Mark off, on the x line, values corresponding to the temperatures. 

2. Plot equation lllj y vs. O' for T^, T^, T^: 

n oc_in3 

-9.2^10 
T 

3 

1200°P - l660oR -5.57 

1350°P - 1810°R -5.11 

1500°F = 1960°R -4.72 

-9.25x10' 

T 

.00382 

.00604 

.00893 

2.O9 x 10 e 

.798 

1.26 

1.87 

-9.25x10 
2 T 

7 

10 

2 

3 

30 KSI 15.09 

40 19.02 

11.61 

18.20 

3.66 

7.80 

Let the y scale = 15" and the limits of y be 1 and 33*5 
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To obtain other temperature lines, 

Plot 4 the exponent of cr in equation 111. 
T o 

i—i 
X 

CVJ 
• 

O' 
I 

d) 
oo 

O H 

O' 
o 
OO 

hi 
0 

l/T 
Values of the exponent can be read for otheg temperatures. Pick a value 

for 0 (e.g. 10 KSI) and determine y from y -a for each temperature. These 
values can then be plotted on the y vs. cr plot. 

3. Plot equation 112; z vs. t for 

-2.49 X 10^ 
T_ T __ 

1200°F - l660°R -1.5 

1550°P = 1810°R -1.38 

1500°F = 1960°R -1.27 

Tx, T2, T3« 

-2.49 X 10 3 

.223 

.252 

.281 

-2.49 X 10^ 

.602 10 hr 4.00 

100 hr 16.00 

500 hr 42.15 

.680 10 4.79 

100 22.9 

.759 10 5.74 
100 33 

Let the z scale - 15" and the limit of z be 1 and 1000. 
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To obtain other temperature lines, plot - vs. the exponent of t 

l/T 

/alues of the exponent can be read for other temperatures 
for t (e.g. 100 hrs), and determine z from z = t exP* for each 
These values can then be plotted on the z vs. t plot. 
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4. Assemble the plots of x, y, and z as follows: 

Using standard nomographic procedures determine scale modulus for each 
vertical axis: 

Line Limits 

y 

q 

mi = 

2 x 10"6 to 6.7x105 

1 to 33.5 

1 to 1000 

Length 

15" 

15" 

15" 

il 
-S -6 

log 6.7 x 10 - log 2 x 10 

il 
1.5251 

Modulus 

m1< = 9.83 

m2 - 9.83 

m^ = 4.92 

m4 = 5 

me = 2.48 
3 

9.33 

= 
il il 

2 log 33*5 - log 1 I.525 
= 9.83 

m, = 
mi m2 

3 mi + m2 

(9.83)(9.63) 
19.66 = L .5 

13_ü 
4 log 1000 - log 1 ~ 3 

m, = = 5 

^4)^3) _ (4.92)(5) 
mc: = 5 m, + m7 

4 3 
9.92 

= 2.48 

Let the distance between x and y = 10". 

Then the distance between x and the auxilliary line q is: 

(---) 1° = (fHI) 10 = 5" vm, + m„/ ^9.667 

ASD TECHNICAL REPORT 61-216 167 



Let the distance between q and z = 15". 

Then the distance from z to ( is: 

m. 

'm, + m, ■) 15 15 = 7.56" 
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5. For simplicity in usage, mark only the scales which are used: i 
ture, time, stress, strain. 

•e. tempera- 
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