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ABSTRACT

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

Conventional long time creep tests were performed on A-286 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. Conventional creep tests were
performed on Rene' 41 at 1250, 1400, 1550, 1700, 1850, end 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 Renme' 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 ailoys to refractory metals. In some cases, the informetion 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-
poleting. 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 inveolved in the use of existing creep data is tnauv of
assessing the reliability of the data. % is generally accepted that there is an
inherent scatter in test results, including creep data, on materisls. 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 (1, 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 end stress conditicns 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.

lManuscript released by author(s) June 1961 for publication as an ASD
Technical Report.

2
Numbers in parenthesis refer to references appended hereto.
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JI. 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 deslign 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-286, an iron base super
alloy; Unimach 2, an H-11 hot work die steel; and AllOAT,
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 obtalned from Phase 1, and comparison
of these data with that previously obtained from other
WADD sponsored investigations.

Phase 3: Aralysis 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 is a 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 zeveral methods of correlating creep data which stem from the
Arrhenius rate equeation:

k= ae VT

is the rate constant

is the frequency factor dimensionally equal to k
is the activation energy

is the gas constant

is the absolute temperature

where

H o N

ASD TECHNICAL REPORT 61-216 2



Although this egquation is semi-empirical in origin, it has found applica-
tions to meny liguid and gaseous reactions. It was obtained by noting that if
the logerithm of the rate is plotted versus the reciprocal of absoclute 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 k4.

The Larson Miller Method

In 1945, Holloman and Jaffee derived a graphical relationship between
hardness H, and a parameter depending on time end temperature, applicable to
the steel tempering process (9). They assumed that tempering is a function of
an activation process:

-Q/RT

h = fl (te ) (l)

is hardness

is time

is the activation energy

is the gas constant

is the absolute temperature

vhere

B 0o d e

It was found that

h = f2 (Q-) (P)

and

te_Q/RT = to = constant (3)

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

Q = RT [ 1n (t) - 1n (to)] = £, (n) (1)
B o FT (1n t/ta)
h = f3 [ ] (5)
or
h =f(T1nt/t0)=i‘[T(lnt-lnto)] (6)
Let
Chy = -lmt ,ort, = e CH (')

ASD TECHNICAL REPORT 61-216 3



-Q/RT
k = Ae

Q/R = slope

A A = intercept at 1/T = O

log k

/T

FIGURE 1 - GRAPHICAL REPRESENTATION OF A SINGLE
ACTIVATED PROCESS

ASD TECHNICAL REPORT 61-216 4



Then h = f I:’I' (cHJ + 1n t)J (8)

vhere the Holloman-Jaffee tempering parameter is

Q/R = HJ -rEr (Cyy + 1m t}] (9)
-C
HJ
or, if = @ then
Ry Q/RT HI/T
t = Ae = KHJe (lO)

By 13952, it head been shown by several investigators that creep, diffusion,
and tempering appesred to conform to a rate controlled process (ll, 12)}. lerson
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 end that the activation energy, @, is independent of
temperature, but dependent on stress 1n such a manner that A will be a constant
for any material:

Q/RT
t = fe (11)
-CLM
and getting 4 = e
Q/R = IM -rEr (cIM + 1n t):l (12)

In their origineal work, lLarson end Miller proposed that the constant C
could be assumed equal to 20 for all materials and testing conditions, end
that the error introduced by such an assumption is negligible. However, it
1s now common practice to select a value of CLM for each material which pro-
duces the best correlation of data.

M

It 1s imvortant to recognize the limitations of the Lerson-Miller method,
vwhich 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 Dorn Method
In 1952, Sherby and Dorn also proposed e method for correlation of creep

data {8). They proposed thet the totel creep strain could be expressed by the
following relationship:

ASD TECHRICAL REPORT 61-216 5



€ = (g 0o) (13)

where
. AQ/ET
0 Y dt (14)
o)
where AQ is the activation energy for creep.
If temperature is constant, Equation 14 can be written:
- AqQ/RT
2] = te (15)

Rewriting Equation 15 and letting © = A, the equation takes the seame
form as Eguations 3 and 11:

& = pe *AYRT (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:

—~ (- AQr/RT)
o, = tre (17)
where
£ = constant
T
o, = f(o) =24 (18)

Sherby and Dorn 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 gbout 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.

ASD TECHNICAL REPORT 61-216 6



The Manson-Haferd Method

In 1953, Manson and Haferd developed a methed 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
gome materials and rupture times in excess of 30 hours, the stress rupture
data were mich 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 (14). The Manson-Haferd method is
represented by the following equation:

-7
t = Ale (19)

where t_ is the time to rupture

A' is a constant
Q' is the activation energy
T is the absclute temperature

The parameter obtained by the Manson-Haferd metheod is

T-T,
LPF = log t_ - log t, (20)

where Ty and log ts are the constants which are determined graphically from a
plot of log time versus temperature, The values Ty and log ts 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 compariscn of the constant stress lines assumed
by Larson-Miller, Sherby-Dorn, and Manson-Haferd.
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Comparison of Constant Stress Lines
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ACTIVATTON SERTES METHOD

Flgure 3, page 1l shows how the Larson-Miller, Sherby-Dorn, and Manson-
Haferd methods represent deformation data. It 1s 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 2 material
deforms, several activated processes occur simultaneously, but reach their
maximim intensitles at different times. Assuming that these processes obey
the Arrhenlus rate equation, the overall process can be expressed by the
following reaction serlies:

RT
t = Aleql Qe/ +Ae n/RT (21)

where

by = T(e 00 A, =2(e, )5 A =£(¢€ a)

Q = flo, T);Q,=1(0,7);Q =f(eo T)

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

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

F /T n. /T
-4 /T De l/ S.e V/
€ = Pl e ik e 1 t + P2....... (22)

where Pl’ K1 Dl’ Fl’ Sl, n,, ete, are constants,

Rewriting this expression for constant temperature, 1t is interesting to
note that it contains Hook's Law as well as the Newtonlan Law for viscous
behavior:

8 9 B, 2,

¢ = KO t + K, o t +

19 v F K0t (23)

where Kl, ﬂ 1’ a]f etc, are constants.
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The theory and derivation of these equations are detailed in Appendix
I, page 52.
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FIGURE 3 - ISOBARIC CREEP DATA REPRESENTED BY MANSON-
HAFERD, SHERBY-DORN, AND LARSON-MILLER
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III. CREEP TESTING

In order to accomplish the obJjectives of this progrem, a limited amount of
creep testing was done by Boeing. Three alloys which hed bean tested on other
WADD contrects were retested in order to directly compare data from two or more
sources for compatibility. These alloys are AllOAT, A-286, 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

AYI0AT
Mill annealed

A-286
Degreased in vepor degreaser
Solution treated at 1650°F 1 hr in argon
Cooled in forced argon
Aged at 1325°F 16 hours in air

Unimach 2
Solution treated at 1800°F 1/2 hour
Cooled to room tempersature
Aged at 800°F 2 hours
Cooled to room temperature
Aging repeated
(Neutral atmosphere used for all
heat treating operations)

In sddition to these alloys, Rene' L1 was creep tested according to the

conditions shown below:

Alloy and Heat Treatment

Rene' 41
Solution treated at 1975°F
Water quenched
Aged 16 hrs. at 1400°F in air
Air cooled

ASD TECHNICAL REPORT 61-216 14

Testing Testing No. of
Temp. °F Stress, KSI Spec.
800 68 2
800 35 2
1000 10 2
1000 6 o
1200 30 2
1200 Lo 2
1500 2 2
1500 3 2
600 250 2
600 200 2
900 60 2
900 90 2

Testing Testing

Temp. °F Stress, K3I No. Spec.
1250 90 y
1250 50 y
1400 50 L
1400 30 L
1550 20 L
1550 12 L
1700 6 L
1700 L L
1850 2 L
1850 1 L
2000 .8 L
2000 A 4




The stress levels chosen Were expected to produce 1% creep in from 500
to 1000 hours. All test results are shown 1n Appendix II.

Tt will be noted that some of the Rene' 41 curves show "negative creep"
behavior in the early portion of the curve. Rene' 41 1s metastable over the
range of test temperatures used in thils program. In addition to the usual
creep deformetion, 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 s metallurgical phenom-
enon such as precipitation, and a portion of the ereep curve will display a
negetive slope. The photomicrographs shown in Figure 6, page 17 indicate that
precipitation is occurring during exposure at test temperature, thus accounting
for the umusuel 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 1ls positive.

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

creep tests were conducted on Rene' 41. Eight specimens were tested under cyclie
stress and temperature conditions a&s shown below:

Heat and loed in less than 1 minute
Hold for 1 hour
Unloed and cool in less thon 1 minute

Repeat until 1% crecp has been accumulated

1 hr, 1 hr,
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The maximum temperatures and stresses used were as fellows:

Maximum Maximm Number of
Temp. °F Stress, K5I Specimens
1400 50 2
1550 20 3
1700 6 3

The steady state creep testing of Rene' 41 was done at New England
Materials Laboratory, Medford, Massachusetts, and the cyclic creep testing
wag 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 ASTM olass B-1 extengometer used in testing.
An arithmetic scale is used from O to 0.1 hours for better accuracy in the

primary vortion of the curve. Beyond O.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
IT, page 98,

Testing procedures and equipment used are reported in Appendix III, page 169.
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Specimen No. 44. Sample taken from
"as recelved" end of test bar.
Longitudinal section, etched with
mixed acids, 95-3-2; 1000X.
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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' 41
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IV. DATA COMPARISON

In order to obtain a measure of the difference that may occur between
creep test results 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 1400°F). Most Rene' 41 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 1650°F).

The "cyclic" Rene! 41 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 cumlative c¢yclic 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.
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V. DATA ANALYSTS

The activation seriles equation was used to present the creep data 1n 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 3 5
y  =8.28 x10° 2 =9:25 x 107 -2.49 x 107
¢ = T.42 x 107 "e T 5 207 x 107 T t2°7e T
AL10AT 5
L 1.673 x 10 -6.218 x 10°
-2,241 x 10' .209e T 53e T
¢ = 3h6e T o .
Unimach 2 3
_7.56% x 10% 6.38 x 10~ *e 5’—76,{1’,;10 -6.633 x 10°
¢ = 1.97 x 1025e T o N 59e T
Rene' 41 -1.83 x 10% 0279 x 10% 4
. T L T - 524 x 10
¢ = «1lbdbe o *8558 & 7.89% T
1.78 x 10° 131 x 10 4
-_-7%_ _}Tx_ -,838 x 10

Derivation of these equations is shown in Appendix IV.

In order to ulilive these eguations more easily, nomographs were desifned,
These are presented in Figures 31, 32, 33 and 34%. Calculations for the nomo-
graphs are shown in Appendix IV.

Use of the nomegraph is detailed in Appendix I, pages 83 and 84,
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VI. COKCLUSIORS

Creep data were obtained for A110AT, A-286, and Unimach 2 for comparing
with similer data generated on other pro . Scatter in data is greatest
for longer times (i.e. 500 to 1000 hours) where the values for sirain approach
1%. From the small amount of data available for comparison, it appears that
time to reach a given deformation varies by a fastor of 4 to 5 in most cases.
This appears to be a reasonable acrrelation,

Creep data were obtained for Rene' 41. Both cyclic stress, cyclio 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 oreep obtained from the
constant stress, constant temperature oreep tests.

Test oreep curves or tabulated test data are required for transmitting
creep data. Basic test data are necessary for formulation of a creep design
curve,

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

The nomograph formed from the activation series equation graphically shows
general oreep behavior over a broad envircmment., All four oreep variables are

shown on ome graph. The nomographs shown in Figures 32, 33, and 34 were derived
from average test data. Figure 31 shows how maximum, average, and minimue dats
can be presented,

The nomograph provides a means of interpolation. Limits can be imposed
and extrapolated areas can be recognized,
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VII. RECOMMENDATIONS FOR FURTHER STUDY

The nosographic 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 time behavior,
and development 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 oreep behavior. A computear
brogram would reduce time and manhours required to obtain the eguation from
teat data.

The few cyclio creep teats completed indicate that further study is necessary
to obtain material behavior data under the offect of cyolic conditions. Several
effects should be evaluated, e.8. effect of oyclic temperature, effect of cyclio
streas, effect of combined oyclic temperature and oyclic stress, and effect of
frequency of e¢ycles on creep behavior,
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CORRELATION OF CREEP DATA BY A POWER FUNCTION ANALOGY

INTRODUCTICN

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 strein, 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-
veatigator should ever hope to understand the material's behavior. One of the
most neglected measurements in creep has been the change in cross-sectional
aread. A, ¥. Gur'er in U.S.5.R, found that for six carbon steels in the elag-
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, & 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 ~ o~ %/RT (31)

where @ 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

gT‘ - ke~VRT (32)

where € 1is taken as the conventional "engineering" strain and k is an empiri-
cal constant. This solution is equivocal aince a typical constant load creep
curve exhibits regions of different creep behavior. See the figure below,
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Application of equation 32 invites the use of the secondary creep rate to
determine the activation energy. The clagsical cxperiment of Andrade, however,
demonstrates that a creep curve for constant stress does not exhibit the steady
state region of minimum creep rate, but Lhat the rate decreases continuously,
and suggests that the distinction between primary and secondary creep is a fic-
titious one depending upon an arbitrary choice ol time scale.

The significance of an activation energy based upon a secondary minimum
rate region artilicially created by a ;radual stress increase is questionable,
Application of equation 32 to a constant stress curve, on the other hand, re-
quires either the introduction of another empirical constant or that the
activation energy increase markedly with increasing time, an increase that 1s
difficult to explain, The strain-rate approach does not mention the tempera-
ture dependence of the activation energy since the gquantity

0 lln (-g—:-/k)]

3 [ %]

is roughly constant over the limited tewmperature 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,

- /R (33)
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does not require specification of a particular mode of atom motion, such as the
specialized mode regquired 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-dif-
fusion process by Kanther who applied it to the steady state concept. Herring
has discussed a mechanism of creep by volume diffusion which may beccme pre-
dominant at temperatures nearing the melting point. In this case, strain would
be manifested in the migration of grain boundaries and change in grain 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 obvicus from the above discussion that a better know-
ledge of the phases through which a solid passes before rupture takes place
is essential for raticnal 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 compenents 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:

l. The elastic porticn.
2. The semi-elastic portion, including microcreep.

3. These elastic-viscous portions include micro--as well as macrocreep
gtrain hardening and thermal softening.

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

It is interesting to note that the volume change of a material decreases
a3 the deformation increases.

It should be understood that creep phencmena are composed of several
processes 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
pe 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.

\

CONSTANT STRESS
VARTABLE TEMPERATURE

STRAIN

TIME

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:

TOTAL
DEFORMATTON

log time
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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 sum of their ordinates will at all points be equal to the
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

ac
Y, = =& ==K C (34)

where yp is the plastic reaction rate in time units, Cp ia concentration of
moles per unit volume of material, X_ is reaction velocity constant in concen-
tration units, tp is units of time,

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:

P ;e

t C

ftdt =-f g (35)
P g PP

0 P

12

Then,
1 c
'tp - _}E- 1n ;L (36)
P P,

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

y dcy

E ~ 71'1; = -KyCp (37)
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tg Cg

ac

fth - f ; KE%E (38)
o CEO
c

tE = - é 1n Ff]— (39)

If these two reactions represent the total reaction, the aum of t_ ana tE muat
equal the total reaction time., Then, assuming a reaction series,

c c
1 E 1 P
t=t, +t == ln m— ==~ 1ln — (40)
R S
o o
c c
E P
1 o] 1 1]
t=t, +t =31ln-—=— += 1ln— (41)
o tg P K Cg CKP o
E P
Setting 1ln qo constant and equal to kE and 1n _c_o constant and equal to kp and
P
- - H
8/ g /Rr o/RT
K = Ae thenKEaiEe and K = 4 @&
P P
kE k
Then: t = i -_——¥§;7ﬁ§ (42)
AEe Ape
Ky HE/RT lfn H.P/RT s
t=—e8e + e L3
A
g’ p

A = proportionality factor characteristic of the system and termed frequenoy

factor.
H = the molal energy of activation.
Lp = the plastic frequency factor.
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HP = The molal energy of activation of the plastic deformation.

HE = The molal energy of activation of the elasto-plastic deformation.
Ap = Elasto plastic frequency factor
R = The gas constant

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

c, = kE/AE
c, = HE/R
€; = kP/AP
Cy = Hp/R
Then:
Co/m C#/T
t = Cj® + Cye (44)

C1 and C3 are constants containing stress and strain divided by the frequency

factor. CQ/R and Cq/R represent the activation energy of the elagto-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:

Co/m i/ Ce/m
t = C. e + GC,e + C_e +..(45)
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Since Equation 45 expresses the total time to reach a given deformation
for a glven stress, one would like to develop thkis cquation further to express
strain as a function of stress, time, and temperature.

€= £ (g,t, T

This can be done as follows:

let
£ (T)

[}

02, CLI_, 06, ate.

Cyr Cas 05, etc. =T (o,€, T)

ll

For simplicity, only the first term in the reaction series will be used,

Since 02 is thermal dependent:

-n/T
Ke n/

and

f(O‘,(,T)

Q
i

For constant stress,

-n/T
- M ¢ -3'e
©1 (const o ) (16)
and for constant strailn,
E/T
¥ o e
c R (47
1 (const ¢ ) )
Therefore,
-n/T E/T
S'e -be
c. = [c )] [c J = Me No (48)
1 1
(const o ](oonlt €
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However, both M and N are thermal dependent and cen therefore be expressed
as follows:

-n/T
S"e
MN = R (49)

Hence:

¢ = R ¢ o (50)

Substituting the expressions obtained for C, end C, into equation (45), the
following equation results:

-n/T E/T -n/T K -n/T
g" -#b S'e =
t = R ° o ¢ e T° (51)
Transposing,
-n/T il
STe"D/T -8"a n/ _ E e—n/T 'I’GE/T
€ = R e T i & (52)
By removing the power on ¢ , the equation takes the form;
SH
gy LEA AN CENY B
€ = R e T S' o S = t gl (53)
Leat; /
8"/ oy
n"( 8') P
K
5" -k
¥ - D
Sl
E+n = F
1
g = 0
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The equation takes the form:

“ o F/T n/T
- S
€ = Pe / o De t ¢ (5]4-)

It can be assumed with good reason that equation (54) is the first term in the
following power series:

_ B Jp pie FU/T g e P/T ~u_jr  pae FolT
/T £l wpe T gl
1 2

n

ey F /T o/T
72 #.....tPe Pofe D "n'Ty Bpo (55)

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

B a
B a 2o B, o,
€= C' o * + ¢ o t +....+C o t (56}
1 n
Tet @ - 0 ard B = 1, then:
n
€ = C o + C' o +...... +C' o = o X ¢
1 2 bl o
n

Setting ¥ c!

E, Hook's Law results:

Q

f = FE o

Differentiating equation (56) with respect to time:

a. a._ ' -
B1 L 1 52 5 1 Bn an 1
1 !’ = cr‘ 0 t + C“ 0 t +....1‘C"o t
at 1 1 D n

de

By setting @ = B
viscous behavior:

1, the equation will express the Newtonian Law of

. n
€=C'% + C"® +,...4C%' = o 3 C*
1 2 n 8
- 1
Setting oot = =
o ¢
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Since { 15 the coefficlent of viscosity or the measure of the metals
frictional resistance at the applied stress, then

 _ L a

4

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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FIGURE 36 - ISOCHRONOUS STRESS-STRAIN-TEMPERATURE SURFACE



APPLICATION OF THE DERIVED EQUATION TO TEST DATA

For simplicity, only the first two items of the derived equation will
be used. If higher accuracy 1s required, more terms can be employed.

By using two terms, we will assume that for a common Creep test, only two
processes are active, i.e. the elasto-plastic adlabatic gemi -reversible process
end the plestic irreversible process.

As = A + A S PLASTIC (57)

3
ELAST0O-PLASTIC

Thet is to say that the deformation process is represented by the entropy
change of the two processes.

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

By a; B 9o

= = ! ! 0
¢ (gt 3 Cla t + 02 t (58)

Tt should be noted that the reversible process does not depend on the path
and since our first approach is continuous tension creep, a 1 will be zero,
F/T /T

then
n/T
-H /T De -m/T  Ae Se /
¢ = Pe o + Le o t (59)

However, @ , will not be zero 1f 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, 1if the creep tests were performed
at constesnt stress, true stress-straln curves would be obtained. If the tests
were conducted as constant load tests, then the date must be transformed into
true stress-strain curves.

For the elasto-plastic portion where the volume 1s changing, the A. V.
Gur'er's method csn be used 1f the hardening coefficient DV1is fully defined:

g = 5-.25DYE
o
where u 18 the transverse coefficient snd E is the modulus of elasticlty in
the longitudinal direction.
However, until further tests have been performed, thils equation is only of

quantitative value, and any correction of the elasto-plastic portion must be
omitted.
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Experiments performed in the plastic portion of creep have found that creep
proceeds at essentially constant volume, i,e, the volume change is within leas
than 1%. This will then justify application of P, Ludwik'a theory in obtaining
true stress strain curves in the plestic range.

If the volumes are assumed constant, the equation of continuity would
apply.

%o Ao = aA

For the unstrained state we have
v, = YVolume
p = Density
& = Aree
A« Length
and for the material in the strained state we have
v = Instantaneous volume
p = Instantaneous density
= Instantaneous area

= Instantansous length

Bowif v, =~ v then p = p anda} = u\orao/a - A/a\oandthe true

reduotion in area from tension should be defined as follows:
a

o o[ B w2

a
[+

Similarly the true change in the length should be defined as:

A A
dA
- —-ln—
- |3 %o
A
[+
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now, since 8 o/a. - A/X then:

q' = In a,o/a, - 5 = lna\/Ao

That is to say the true atrain equals the reduction in area. However,

§ = ln)l/Ao can be writtem
Ao +AA° Alo
5= lnt\/Ao-ln( Y ) =1n (1 + A)
o 0
a
Thenobviously,a.o/a.-1+c or -1—-+—3-— =- a

and 4t then follows that the true stresa in terms of the true strain is
TRUE - P/a'o (1 + € )

In order to show the versitility of the derived equation, the equation will

firat be applied to a set of isochronous curves, then to a set of basic creep
curves,

APPLICATION OF THE DERIVED EQUATION TO ISOCHRONOQUS CURVES

€3 /03 o,
ez /] o

1
el /

STRAIN

TIME

From the basic creep curves, an isochronous curva can be obtained by

plotting stress versus strain for a constant tims, tl‘
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STRESS

STRAIN

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

B1 ¥

€ = -
rora, - ‘m t €p = €° + 8o (60)

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

Since
€p = Caﬁl (61)
log € . - logC = B8 log o
and
B,
‘P = B O (62)

- B =
log cp log 32 log o

ASD TECHNICAL REPORT 61-216 69



log stress

<;‘\\B o log strain

FIGURE 37 - PLOT OF LOG STRESS V3. LOG STRAIN

The lines representing € x and €, can be loceted in such a manner
that their sums for any stress will edd up to the total strain.

After € and €p have been located, B3 and Bo 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 heve been calculated, the next step is to re-
late the time effect; +this can be done in the following manner:

Since B - & t% (63)

Therefore logB~-logX = a logt (64)

LOG TIME

K log B

FIGURE 38 - PLOT OF LOG TIME V5. LOG B
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Combining Figures 37 and 38:

LOG TIME

LOG STRESS

LOG STRATN

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

For simplicity let us assume that Bl and BQ and @ are constant as long as
the temperature is constant, then the isochronous family will be represented
by a series of parallel plastic lines,

LOG TIME

LOG STRESS

I
//// / 1OG STRATN

FIGURE LO  ISOCHRONOUS FAMILY OF CREEP CURVES

ASD TECHNICAL REPORT 61-216 71




This procedure 1s repeated for various temperatures in order that a plot
of log ¢, B1 , K, a , and Bo versus the reciprocal of the absolute temp-
erature can be obtained. By so doing the intercepts P, D, L, S, and 4 will be
found, as well as the slope of the lines u , F, m, n, and H respectively.
The slopes of these lines represent the activation energies of the various
processes inveolved,

APPLICATION OF THE DERIVED EQUATION TO BASIC CREEP CURVES

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

CONSTANT TEMPERATURE

STRATN

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

B. a 8, @
1 1 2 2
= = v 1 '
€ €p *t €, cio t + Clo t +e.o(65)
B
Using only the two first terms of the series and setting Ci o = Kl
2
and Cé o = K2 the following equation results:
a a
€=K1t1+K2t2 (66)

This equation can be represented by the sum of two lines on log-log paper
whose slcpes are a, , and a 5 1 regpectively.

3ince P
E

log ‘E_]'Ogl(l = a, log t

a
= K ¢ 1 (67)
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and

€ TOTAL FOR a

LOG STRATN

1 LOG TIME
FIGURE 41 PLOT OF LOG STRAIN VS LOG TIME

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 € and € P have been located, @& , and @ _ can be calculated as

E 1 2
well ag the intercepts Kl and K2.
As previously stated, K2 is time dependent but Kl 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
Bo
L]
k, = C) @ (69)
Therefore

1
log K2 - log 02 = ﬁ2 log o
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LOG STRESS

i LG X,

FIGURE L2 PLOT OF LOG STRESS VS LOG K

Combining Figures 41 and 42

w ._.
9

o -

3

o

g 3

2
FIGURE 43 PLOT COF LOG STRESS, LOG STRATN AND LOG TIME
For simplicity assume that 8 ., B8 ,, a and a ., are constant

?
a8 long as the temperature is constaht. Thgn the lba.sic creep curve family
composed of constant stress curves will be represented by a series of parallel
plastic lines.,
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T0G STRESS

LOG STRATHN

/ //j:i:::;//, / LOG TIME

FIGURE 4k FAMILY OF CREEP CURVES

This procedure is repeated for various temperatures in order that a plot
of log of K, 8 10 Ko B ,» 8nd @ , versus the reciprocal of the absolute

temperature can be obtained. 5o doing the intercepts P, D, L, S, and 4 will

be found, as well as the slope of the lines 4 , 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 m/T
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CONSTANT ~ G,
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1
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2.8 #.0 4.2 4.4 4.6

S x /0%

FIGURE 46 - PLOT OF B = De B/T
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CONSTANT ~ C

~N O v
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FIGURE 47 — PLOT OF C = R /T
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CONSTANT — /5"?

H
/3, = Ae /r
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38 4.0 4.2 44 46 4.8
Lex 07t
H/T

FIGURE 48 - PLOT OF 52 = Ae
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FIGURE 49 - PLOT OF @= Se

ASD TECHNICAL REPORT 61-216 80



APPLICATTON OF THE DERIVED EQUATION FOR GRATHICAL PRESENTATION OF CREEP DATA

Having obtained the creep equation for a given metal, it would be convenient
to dlsplay the creep behavior nomographically,

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

1. Divide the plastic portion of the creep equation into three parts ms

Tollows:
- # pe /T go /T
€ = fe o t (70)
p
- BT
let X = s M/ then log X = l‘;f A (71)
T
se /T n/ ,
Y = t log Y = B8e log t {'r2)
F/T
F/T
z =g D° log 2 = De/ log o (73)
2. Plot X versus temperature
Y wversus time for different temperatures
Z versus stress for different temperatures
4 ¥y z
T
1
T T
T2
T
T
’ 3
T time stress

3. Note the 1imits of T, ¢ , and t and let the Physical lengths of the
X, ¥, and z axis, to be Ix, Ly, and Lz respectively. ‘Then the scale
modulus for earh axis con be determined as follows:
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m = X -
X MAX MIN

Ly

m, = =Y
v MAX MIN

Lz

mo = 2z -7
MAX MIN

Tn order to complete the nomogreph, an auxiliary axis q must be intro-
duced whose scale modulus is

(O e
o T (my +om)

and finally, the strain axis € , whose scale modulus 18

") (M)

+ mz)

4., The next step is to graphically place the axes with respect to each
other, which is done as follows:

2 J x q Y
je—2 1 =
4 2 3

e — d 31—
e d 4 3

By arbitrarily selecting the (X-Y) distence to equal d 1, the (X-q) dis-
tance can be calculated as follows:

m
X

42 =( 7
(o + my) (a1)
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fnd by arbitrarily selecting the (g-Z) distance equal tod 3 , the dis-
tance (Z- € ) can be calculated as follows:

Through trial and error, the desired size of the nomograph can be obtained.
See Figure L47.

5. Use of the nomograph is illustrated as follows:

Given: time = %
1
temperature = T2
stress = o
1
Find: strain, ¢

On Figure 5C, locate time (A). Draw a line vertically through ty wntil it
intercepts T,. (B} Draw a horizontal line through this interception point
untll it crosses the Y axis at (C). Connect T, (D) on the X axis with (C) on
the Y axis. This line will intercept q at a“point (H).

Tocate stress (E). Drew a vertical line through this point until it
intercepts T, (F}) . Then draw a horizontal line through (F), until it inter-

cepts Z axis at (G). Connect (@) and (H), and the strain is obtained on the
¢ axis (I).
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APPLICATION OF THE DERIVED KQUATION TO CUMULATIVE CREEP

The temperature is kept constant while the material is deformed first at a
constant stress al.from the time tl to t2 then it is deformed at constant streas

g 5 from t3 to t4 and finally deformed at a constant stress of Un for the time

interval t5 to t6 as shown below.

3
¢
< / /
€
- 3
5 a
B <
Ay
de
O
vu'_|
<]
L AT, A%, AT,
1 T2 5 by anE ts ty

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

8, a B,

‘:f +‘ =Co +Kt a (Tu)

Therefore

ASD TECHNICAL REPORT 61-216 85



Setting

A e =, - € and Atl=t2-tl
A¢2 =65 -6 and At2 =t - ty
A ey " T4 and A 1;n =t - 1;n—l
Then
«c _ ¢ _ ¥ o B 2 t ? (76)
2 1 1 1
B, a
€G- Ko, (£5-t) (77)
B a
‘3 e ‘2 = K o (th-tl) (rz - ¢ l) (78)

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

ﬂ a
A(l - kK o, 2 Atl (79)
B a
A, = K o, ° (t5-t)) (80)
a
2
A¢2 -k 9, (tj'tl + Atz) “Ae, (81)
Rearranging equation 80 to obtain 1
A a
§ ot = 1
31 K o ), 2
2

Substituting this result into equation 81 to obtain a

&
+At2] - A€ (a2)

Ac
A B | —
‘= K 9, I(A o b7

Eguation 82 can now be written in general terms by setting n equal to the number
a

of cycles. 8 m=n Ac m-l) % m=n
A(nmK 71 2’, (Ao 2 * Atn] B Elb(m—l (83)
m=1 n m=
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Since the tetal strain is represented by

m
(Total =z A€ o A n (8L)

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

1
m=n B 1 m=n A ¢ -1 ; a
‘Toter =% A €p) tKe ,2‘ (—p7) + Atn] (85)
m=1 m=1 K @ n
or
1
Bl m=n A‘ a a
¢ - Ko (—8r) + At (86)
Total n p> X o
m=1 n
However, since
m=n o =n
8, a
b3 A‘m-l = 3 K (o Yy (At ) (87)
m=1 m=1 m-1 m-1
the total strain can be expressed
] Bl m=1 T ma] Bl/a @
=Ko ‘ 5 (T) (B )+ oo, Atn, (88)
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APPLICATION OF THE DERTIVED AFPLICATION FOR REVIEWING OTHER CREEFP EQUATTIONS

Steady state creep and creep rupture characteristics of engineering
materinls ere mostly displeyed end correlated by the use of some varistion
or other of the single activatlion process:

-Q/RT
K = Ae

See Figure 51. The more commonly known variations of the above equation are
the Larson-Miller, the Sherby-Dorn, and the Manson-Haferd methods. Theszse three
methods will be discussed separately at first, and then in connection with the
derived activation series equatlon.

The ILarson-Miller Method

In 1945 Hollomon and Jaffee derived a graphical relationship between the
Tollowing tempering paremeters: hardness, H; time, t; and temperature, T. This
ex post facto type derivatlion assumes that the tempering is govermed by an
activation process, hence:

Bo-of (te -/RTy (89)

It was, however, found that

h = f (Q) (90)
and that

te-Q/RT = t

= constant (91)
o

Teking the logarlthm of Equation 91 and equating Q from Equations 90 and 91,
one obtains:

Q = RT [ 1n (t) - 1a (t ) ] = £_ (h) (92)

hence:

LN [ o BT (In t/t)) ] (93)
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or

h=f(T1nt/to)=f [T(lnt=lnto)] (9%)

finally letting

then

h=f[T(CHJ+lnt)] (95)

where the Hollomon-Jaffee tempering parameter is

/R = HJ-f[T (Cy + In tﬂ (96)
-CHJ
or, if KHJ -0 then
N LRI % (s)

By 1952 it had been shown by many investigators that creep, diffusion,
and tempering appeared to conform to a rate-controlled process; therefors,
Larson and Miller proposed that the graphical relationship derived by Hollomon
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, tut dependent
on stress in such a fashion that A will be a fixed value for any material:

b - 4 e VAT (98)

.cLH
therefore setting 4 = @

Q/R=I.M-fT(CIM+1ntZ| (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
snd rupture. They found that the total time required to reach stress rupture
or a given gtrain could be expressed by the single term functional relation-
ship:

- U/RT
g = te / (100)

Rewriting snd sebting @ = A, the equation takes the same form as Equation 91
and Equation 98:

t = Ae /AT (101)

However, Sherby end Dorn 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 sketeh is shown of the Sherby-Dorn
nethod.

The Manson=-Haferd Method

In 1953 Manson and Haferd studied the Larson-Miller and the Sherby-Dorn
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 stresc 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 end Haferd decided from grephical observations, that at least for
some materials and rupture times in excess of 30 hours, the stress rupture
dete 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 i1s represented by the following
equation:

t = A'e -Q'T

r (102}

Comparison of the Larson-Miller, the Sherby-Dorn, and the Manson-Haferd and
the Activation Series Method

The Larson-Miller, the Sherby-Dorn, and the Manson-Haferd methods have
been reviewed. The reason being that these methods have received a wide
application for interpretation end extrapolation of steady state crcep 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-
vendent {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 (s2e 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 readlly seen that the Larson-
Miller method favors the primary portion, the Sherby-Dorn 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 15, therefore, that the activation series should be used:

Q,/RT /RT
t = Ae L + Ase 9/ +...‘I'AneQn (103)

where

o)
)
i
'_'J
~—~
9
-
-
H
=
po—_
-
£
i

o T ( 0’2, T2)3 Qn £ (onJ Tn)

In Figure 54, the isometric greph shows the relationship between A4, € ,
and ¢ , vhile Figure 55 is an isometric graph of the Q, o, 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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-Q/RT
k = Ae

Q/R = slope

L A = intercept at 1/T = 0

log k

/T

FIGURE 51 - GRAPHICAL REPRESENTATION OF A SINCLE
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.
ELASTIC
T REGION
STEADY TERTIARY
STATE REGION
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PLASTIC
E REGION osRUPTURE
e
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TIME

FIGURE 53 - A BASIC ISOBARIC CREEF CURVE
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FIGURE 56 - ISOBARIC CREEP DATA REFRESENTED BY MANSON
HAFERD, LARSON-MILLER, AND SEERBY-DORN
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TABLE 2 - TENSILE CONTROL DATA

MATERIAL TEMP .
(°F)
4-286 70
Sclution Treated 70
@ 1650°F, Aged 70
16 hrs, @ 1325°F
1200
1200
1500
1500
1500
1500
A110AT 75
Mill Annealed 75
5
800
B0OO
1000
1000
Unimach 2 75
Solution Treated 75
@ 1800°F 75
Double Aged
2+2 hrs. @ 800°F
600
600
a00
900

ASD TECHNICAL REPORT 61-216

YIELD
{PSI)

109,600
119,500
11 00
115,533

101,500

101,500
101,500

29,400
37,200
29,100

23,900
29,900

121, 700
121,900

126,300
123,300

61,300

61, 300
61, 300

54,500

53,100
53,800

233,000
224,700

220,700
226,113

206, 700
206,100
206,400

191,100

181,900
186, 500

100

ULTIMATE
{PSI)

156,800
156,800

155, 500
156, 300

120,000

119,200
119,600

36,700
Ly, 300
32,900
26,400
35,075

126,000
125,700

129,400
127,033

76,000

[5,000
75,500

70,100
67,300
68, 700

293,600

303,000
294,300

275, 200
275, 200
275, 200

205,500

Aveg.

Avg.

Avg.

Avg,

Avg.

Avg.

Avg.

Avg,



MATERTAL TEMP,
(°F)
Rena' 41 78

Solution Treated 78

@ 1975°F

Aged 16 hrs,

@ 14Q0°F 1250
1250
1250

1400

1550
1550
1550

1700
1700
1700

1850
1850
1850

2000
2000
2000
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TABLE 2 (Concluded)

YIELD
(PS1)

101

ULTIMATE
(PSI)

202, 300
204,100
203, 200

Avg,

AVg,

Avg,

Avg.

Avg.

Avg.

Avg,
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APPENDIX III

TEST PROCEDURES AND EQUIPMENT
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BOEING TEST PROCEDURE FOR A-286, A110AT, AND UNIMACH 2

TEST EQUIPMENT

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 BAC 10,000 pound and Riehle MCR-2C, 20,000
pound shock mounted, constant load, dead-weight, lever arm type test machines
with automatic beam leveling. 7Pin grips terminating in self-aligning universal
Joints were used to insure axial locading of the specimen.

Strain-time curves were sutographicelly recorded using a Riehle mecdel
DHK-20B extensometer 1n 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-1 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.

Inad~time curves were autographically recorded using a straln gage load
cell, with the test specimen, in conjunction with a ILeeds 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 Ieeds and Northrup Model
"G" Speedomax in conjunction with a Ieeds and Northrup two action D.A.T. .
control was used as a temperature indicated recorder controller. Temperature
checks were accomplished with a Teeds and Northrup Model 8662 portsble potentio-
meter. A standard Marshall creep furnace equipped with external shunts was
used as the test chamber. The test specimen is shown in Figure 12.4.

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 20°F + 5°F per minute.
Care was teken not to over heat the specimen. A temperaturé_gradient of less
than 2.5°F and 5.0°F in the BAC 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 tc within 1.0°F and
2.5°F in the BAC and Riehle machines respectively throughout the test. The
load was applied with a fixed head-travel rate of 0.32 end 0.01 inches per
minute in the BAC and Riehle machines respectively.

The thermocouple survey at 1500°F for 1000 hours indicated thet 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' 41

TEST EQUIPMENT

The conventional creep tests were performed by New England Materials
Laboratory, Medford, Massachusetts.

The creep tests were performed on test framee 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
pen 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 adspiter assenbly.

Three thermocouples were attached to each test specimen, one at the center
of 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 24 point recorder
of comparable sensitivity.

Creep was measured optically with a filar eyepiece micrometer microscope
(110X). The creep gage consisted of a length of 20 mil platinum wire attached
at one end of 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 pletinum tube. Two gages were mounted on each specimen (on opposite
sides). Readings teken from opposite sildes of the specimen were averaged. The
measuring microscope reads directly in increments of 0.0005 mm (0.0000197 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' k1.

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 wes 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 teken immedistely before and after removal of the
load.
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BATTELLE TEST PROCEDURE FOR RENE' 41 CYCLIC TESTING

THERMAT, CYCLE

The basic thermal cycle consisted of the following steps which were
performed in sequence:

1. Heat rapldly to meximum test temperature.

2.  Apply meximum stress.

3. Maintaein maximum tempersture end stress for 1 hour.
4, Unlosd.
5. Cool rapidly to below 300°F.

The maximum temperatures used in this progrem were 1400, 1550 and 1700°F.
The meaximum stregses corresponding to these temperatures were 50,000, 2C,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 welght of the lower specimean grip and retaining nut.

The average time required for performing each of the steps in the basic
cycle was as follows:

Maximm Heating Toading Unloading Cooling
Specimens Temp. °F Time, Sec. Time, Sec. Tims, Sec. Time, Sec.
7, 8 1400 30 2 2 30
3, 10, 1l 1550 34 2 2 36
5, 6, 12 1700 38 o o hi

Originally, all tests were to be continued until 1000 hours had been
accumulated at maximum temperature and stress, until 1 percent creep had
been sccumilated, 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

Ml cyeclic creep tests were made in standerd Battelle-type creep testing
fremes shown in Figure 130. These machines were previously calibrated and
found to be well within the permissible wvarietions specified in ASTM Standard
E139~58T for accuracy and axielity of loading. A close-up view of one test
unit with the furnace in the ralsed position 1s shown in Figure 131.
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Specimens were hested to temperature by a combination of radiant heating
from a Chromel-wound creep test furnace and by asuxiliary self-resistance
heating supplied by a l-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
posltion.

The auxiliary heating was applied to the specimen for 28 seconds at the
beginning of each cycle and was then spplied intermittently, as required,
until the furnace was reheated sufficlently to maintain specimen temperature
within the desired limits. The perlod of intermittent heating was approxi-
metely 2 minutes per cycle.

Cooling was accomplished be means of a fan, vhich was turmned on asuto=-
matically when the furnace was lifted to the ralsed position at the end of
each cycle,

Ioading 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.

Temperature was Indicated by means of calibrated 22-gage Chromel-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 contimuously during the first five cycles of each test, and that
of the bottom thermocouple was checked frequently during this period. For
the remesinder of the test, the center thermocouple was monitored continuocusly
during reheating to temperature and for & few minutes of each cycle; the top
thermocouple was recorded st reguler 3-minute intervals; and the bottom thermo-
couple was used for controlling furnace temperature. The tempersture indicated
by each thermocouple was measured and recorded four times daily.

During rapid heating and Ilntermittent application of the suxiliary 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 46, -20°F during the first 10 minutes at maximum tempersture and +3°F
for the duration of the cyele.

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 dvring 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 sectlon. Because the specimens were
not stralght, 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 wes measured optically by meens 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 recorcing.

All the specimens, particularly Specimens 7 to 12, were bowed when re-
ceived. Consequently, the extensometer strip mounted on the convex side of
the are indicated a very low, or even negative, value of strain when the
applied load straightened the specimen, end the extensometer on the conceve
side indicated too high a value. Although the two values were averaged, the
error incurred in the observed loading esnd unloading strain velues 1s apparent.
This error would not he evpected in the creep readings, since these were taken
only when the specimen was loaded and reasonably straight.

During the Tirst 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 adequately, with
no fewer than one reading being mede during each three cycles of test.

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

ASD TECHNICAL REPORT 61-216 147



(A1

FIGURE 127 - TEST SETUP BAC CREEP TESTS DEAD LOAD
LEVER ARM CREEP MACHINE
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15
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 1'ESTING FRAME
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I'IGURE 131 - BATTELLE CREEP TEST SZETUP
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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 A266 from test data in-

cluded in Appendix IIL.

Tn addition, calculations are detailed for the nomograph shown in Figure 3l.
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CALCULATION OF CREEP EQUATION FOR A286 DATA

Given: Strain-Time curves for A286 at 1200°

Problem: Determine numerical values for the constants K, B, @, for 4786
by least squares method.

Equations Used:

a
€ = K aﬁt (104)
B = (log 9%) - (log 9)° (105)
(log € 1log?) - (log €¢) (log?)
logB = log € -8log o (106)
. - log B log t - (log B) (log t) (107)

(log t)° - (log t)2
K = log € - @ logt (108)

Plot the A286 strain-time date at 1200° as in Figure 172,
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Y4

2, B = lo

.01
B - 052

3« This procedure ia
200, 100, 50, and

3500 hours

ﬂ200 hours

3100 hours

ﬁ 50 hours

B 1o hours
Bavg,

Toag)? 2
—ilo 2200 - (.441) «209-.194
log ¢ log {log €)(1og ) +65% - (1.410) (L4A41) .652-.621

= 0469

repeated for each time increment used; in this case
10 hours with the resulting values for B

= J469
= .485

. 602

I

1.230

= 1.0
= .7

4, Teking the arithmetic average of the B '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 manner:

log B =1log®@ - 8 log®

Using 500 hours for example:

log B hours

log 3.33 x 107> = (.771) (log 29)

500
= (7.51851-10) - (.771) (1.46240)
= (7.51851-10) - 1.12751
= 6.39100-10
B hours = 2,46 x 1(:'1+
500 .
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6. Repeating this for each time,

B500 hours = 2.46 x 10-4
B200 hours = 1.55 x 10-4
B, oo Bowrs = 8.60 x 107
BSO hours = 5.50 x 10"5
B,, hours = 2.25 x 1072

Note that the intercepts of the constant time lines with the stress level
equal to one (1) are the same as the computed values of B.

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

8. Compute by least squares, the regression line and its slope, @ , for
these pointa:

2 (log £)2

t B x 10~ log t log B log t log B
10 2.25 1.00000 .35218  1,0000 .35218
50 545 1,69897 .T4036  2.88650 1.25785
100 8.6 2.00000 .93450  4,00000 1.86900
200 15.5 2.30103 1.19033  5.29470 2,73899
500 2, 6 2,69897 1,38021  7.28440 3.72515
TOTAL 860 56.45 9.69895 4,59760  20.46550 9,94315
AVG, 172 11.3 1.93979 .91952  4.09310 1.98863

log B log t - (%og B) (log t)

9 4= Tog #- (log ©)

1.968863 - 1,78367
4,09310 - 3.76278

«. 1:98863 - (.91952) (1.9597)
4.09310 - (1.93979)2

_ 20h95
@= "ins0 = 62045
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10.

11,

12,

15,

Using equation 108:

K = logB -~ a logt

o
i

5.91952 - (.62045) (1.93979)
§,7159 x 10~

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

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

€ - 4.72x102 o 1Tl <620

This same procedure was followsd for A286 at 1300° and 1500° with the re-
sulting equations:

LS
n

1.73 x 1077 o 1.83 . .773 for 1500°F

L]
i

6,09 x 1076 o 1.199, .660 for 1300°F

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

1
log K wvs T

1
log Bz V8 T

and

log @ vs T

when T is absolute temperature in °R,

ASD TECHNICAL REPORT 61-216 159



1"" » Let K = Le
ﬁ% = Ae H/T

The slopes of the regression lines are m, H, and n respeotively. The values
for L, A, and 3 were computed mathematically using method shown in Step 10.

15, The following values were obhtained:

3
K = 7.42 x 10+ ¢ 828 x 10 /T

3
B - 2.09x10°e 2B X1

=1E

3
a = 2.7 3‘2.47 x 10 /T

The general equation then hecomes:

3 3
y 8.28x 10°/7 -9.35 x 10 /3 2, 7g2-47X107/T

2
€= 7.42 x 107 " e 2.09 x 10°e

(59)
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STRESS, KSI

100
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: / ///
// . A 1ecEnds
//// ///// x= 10 hour .o 200 hour
X © = 500 hour
Q= 50 hour
A= 100 hour
1 1 1@ 1 s 1141 1 [ e |
-5 z L\
10 4 -3 -2
B 10 10 10

STRAIN, IN./IN.

FIGURE 132 - PLOT OF STRESS VS. STRAIN
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CALCULATION OF NOMOGRAPH FOR 4286

Consider the equation

28,28 x 10° =9.25 x 10° 3
. T -2.49 x 10
€= 7.42x 107" o T ¢ 2:03 x 10" e L 2.7 e T
(109)
, A 107
By letting x = T7.42 x 10" e T 5 (110)
- 2.2;)_ X 10
2 T
g g 2209x10%e (111)
9 3
"2.4 X 10
z =t 20T T (112)
Equation 109 takes the form:
€ = X y Z (113)
or
log € = log x + logy + log z (114)

Equation 114 can be expressed by a simple alignment chart.

Equations 110 and 111 and 112 can be plotted and the Xy, ¥y 8nd z axes aligned
to form a nomograph.

1. Plot equation 110; x wvs. T:

3
T 8.28 x 10 8,28 x 10°
- T e~ o <
1200°F = 1660°R 4,99 .00672 4,99 x 10‘6
1350°F = 1810°R 4,57 .01037 7.69 x 10‘6
1500°F = 1960°R 4,32 01471 1.091x 102

6

Let the x scale = 15", and the limits of x be 2 x 10°° and 6.7 x 10'5.
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Mark off, on the x line, values corresponding to the temperatures.

2. Plot equation 1lll; y vs. & for Tl’ T2, T3=

3 3
-5.25x103 -2.25;10 ) -2.25;10

T T e 2,09 x 10e o ¥
1200°F = 1660°R  -5.57 .00382 .798 30 KsI  15.09
ho 19.02
1350°F = 1810°R  -5.11 . 00604 1.26 7 11.61
10 18.20
1500°F = 1960°R  -4.72 . 00893 1.87 2 3,66
3 7.80

Let the y scale = 15" and the limits of y be 1 and 33.5
'S

1200°F

1350°F

1500°F

log @
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To obtain other temperature lines,

Plot % Viy the exponent of ¢ in equation 111.
=]

=]

« 25%1

log 2.09 x 1029

1/T
Valuea of the exponent can be read for othegxﬁemperatures. Pick a value
for 0 (e.g. 10 XSI) and determine y from Yy = ““for each temperature. These
values can then be plotted on the ¥ vs. o plot,.

3. Plot equation 1125 z vs, t for T T2, Tt

1! 3
3 3
2,49 x 107 -2.1+T9 x 100 -2.4T9 x 10
T T a o Te t z
1200°F = 1660°R -1.5 223 .602 10 hr 4,00
100 hr 16.00
500 hr 42,15
1350°F = 1810°R -1.38 252 . 680 10 4,79
100 22,9
1500°F = 1960°R -1.27 . 281 « 759 10 5.74
100 33

Let the z scale = 15" and the limit of z be 1 and 1000.
z

1200°F

1350°F

1500°F
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To obtain other temperature lines, plot % vs, the exponenmt of t in equation 112,

-2.49 x 105

log 2.7e

1/T

Values of the exponent can be read for other temperatures. Pick a value
for t (e.g. 100 hrs), and determine z from z = t ©XP- for each temperature.
These values can then be plotted on the z vs., t plot.
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4. Aseemble the plots of x, Yy and z as follows:

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

Scale
Line Limits Length Modulus
X 2 x 10'6 to 6.?x105 15" m, = 9.83
¥y 1 to 33.5 15" m, = 9.83
q m5 = 4,92
7 1 to 1000 15" m, = )
€ m5=2.‘+8
m = l?g -6 = E_%ggf =9.85
log 6.7 x 1077 - log 2 x 10 :
- 15 . 12 -
M2 = Tog 35.5 - log 1~ 1.505 9.85
m, m
1l 2 .8 .8
m3 = mo+om, = 19.66 = 4.915
. 15 5.
4 7 log 1000 - log 1 3 -

(m,) (m,) (4.92)(5)
m5 = m, + m5 = 9,92 = 2,48

Let the distance between x and y = 10",

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

(ml—i-;n—z) 10 = () 105
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Let the distance between q and z = 15".

Then the distance from z to € 1is:

(L) 15 = (=2=) 15 = 7.56"

m3 + my 9.92
z € X q
A
‘ lon
5"
150 o
poutl- 2 e
‘_7.56 o
Y
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5. For simplicity in usage, mark only the scales which are used: i.e. tempera-
ture, time, atress, strain.

2 X Yy

. ﬂ

g5, -1

:;ho T1

Ty Aho? | T3 /

Ao :

g 0, g T, 2

2 = /
=
:

1
T
L~ 73 /
T L3 1 L) T L)
1 10 100 1 10 100
time, hrs, stress, K5I
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