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SUMMARY

Three existing hypotheses are formulated mathematically to estimate
tensile creep strain under varied loads and constant temperature from
creep data obtained under constant load and constant temperature. The
hypotheses investigated include the time-hardening, strain-hardening,
and life-fraction rules. Predicted creep behavior is compared with data
obtained from tensile creep tests of 2024-T3 aluminum-alloy sheet at
400° F under cyclic-load conditions. A simplified method of calculating
creep strain under varied loads is presented on the basis of an equiv-
alent stress, derived from the life-fraction rule, which reduces the
varied-load case to a constant-load problem. Creep strain in the region
of interest for structural design and rupture times, determined from the
hypotheses investigated, are in falr sgreement with data in most cases,
although calculated values of creep strain are generally greater than
the experimental values because creep recovery is neglected in the
calculations.

INTRODUCTION

Structural'components of modern alrcraft may be required to operate
at elevated temperatures under varylng or cyclic-load conditions for

*This paper is based in part upon a thesis entitled "Tensile Creep
of 2024-T3 Aluminum-Alloy Sheet Under Varying Load Conditions" submitted
by the author in partial fulfillment of the requirements for the degree
of Master of Science in Engineering Mechanics, Virginia Polytechnic
Institute, Blacksburg, Virginia, March 1960.



sufficlent time to cause significant creep in the structure. For this
reason recent interest has developed in problems of creep under varying
load and varying temperature. Several methods are available for pre-
dicting creep strain and rupture under varying loads and temperatures
(refs. 1 and 2); however, relatively few results are available which
compare the theoretical studies with experimental information. In the
correlations which have been published, the analyses have most fre-
quently been concerned with large values of strain that are generally
beyond the range of usual interest for aircraft structures. The range
of creep strains which appear to be of most practical importance in
aircraft structural applications involves small creep strains of the
order of 0.005 or less. (See, for example, refs. 3 and 4.)

The present paper presents an attempt to estimate creep strain
under very low frequency cyclic loads and constant temperature, from
creep data obtalined under constant load and constant temperature. The
time-hardenlng, strain-hardening, and life-fraction hypotheses (ref. 5)
are expressed mathematically so that creep straln under cyclic loads
may be calculated from creep data obtained at constant load. Results
obtained from these hypotheses are compared with one another and with
data obtained experimentally. Tensile creep test results were obtained
from 2024-T3 aluminum-alloy sheet at 400° F.

SYMBOLS

A,C,k,00 empirical creep constants

E Young's modulus, ksi

N nunber of load cycles to cause failure
t time, hr

€ total strain

o stress, ksi

Oe equivalent stress, ksi

Ity tensile yield stress, ksi

Subscripts:

A,B,C designation of points in figure 1
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i,j,m,n integers

r rupture

MATHEMATICAL FORMULATION OF CREEP HYPOTHESES

Many equations are available in the literature describing material
creep behavlor under constant load and constant temperature. Such rela-
tions are generally not applicable to the entire creep curve. 1In cases
involving long-time creep at low stresses, secondary creep may be con-
sidered most important, whereas in other cases primary creep may be of
most significance. It has been shown (refs. 3 and 4) that creep strain
between 0.002 and 0.005 represents the maximum creep strain of interest
for most ailrcraft structural applications. Thus consideration of pri-
mary creep will generally be sufficient, and the emphasis throughout
the analytical formulation of the creep problem in the present study
will be on the primary creep reglon.

Creep Relation for Constant Load and Constant Temperature

The calculation of primary creep strain under varied loads, as
presented in this investigation, is based on a knowledge of the material
creep behavior under constant load. In this study the creep relation
for total strain of the materisl under constant load and constant tem-
perature in the primary creep region is assumed (ref. 6) to be

_ g k.3 g
e=g+ At%sinh T (1)
where the creep strain is
g k. g
- =) = At®sinh =~ la

The term representing elastic strain, U/E, must be modifled to include
plasticity if o 1is above the elastic limit of the material. Since the
creep strain at rupture is approximately constant regardless of stress
and time, it may be assumed that the creep strain at rupture may be
described by an equation similar to eguation (1a). Creep rupture time
under constant load is therefore taken to be given by the relation
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Equations (1) and (2) are used in the formulation of relations describing
creep behavior under varied loads.

Creep Relations for Varied Loads and Constant Temperature

The hypotheses studied during this investigation for the prediction
of creep straln were the time-hardening, strain-hardening, and life-
fraction rules. A brief description of these hypotheses is presented
in the following sections and an analytical formuwlation of each is
included for prediction of creep strain.

FOWH

Time-hardening hypothesis.- In accordance with the time-hardening
hypothesis, the creep behavior of a material at any stress level depends
upon the stress and the total time which has elapsed since the instant ’
of load application. The application of this rule is illustrated in
figure 1(a). A material is subjected to an initial stress 7\ which

produces creep strain e, at time t, (point A in fig. 1(a)); the
stress is then increased to op. The time spent during the load change

is assumed to be negligible in comparlison with the time spent at each
load level. The material will continue to creep under stress ogp and

will follow the op curve beginning at point B, as indlcated by the
arrow, where tg = t,. Similarly, when the stress is changed agaln,

the subsequent creep rate is determined by the time at which the stress
change occurs and by the new stress level. The expression for accu-
mulated straln predicted by the time-hardening hypothesis is

=1
g k X o
€y = % + A Z (tn - tn_l>sinh a% (3)
=1

in which each stress o, 1s applied for time t, - t, 1 = &ty and
tg = 0. Equation (3) is derived in appendix A.

Strain-hardening hypothesis.- In accordance with the strain- v
hardening hypothesis, after the applied stress has been increased or
decreased in a materisl subjected to varied-load creep conditions, the
creep of the material 1s determined by the amount of creep strain which i
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has accumulated since the initial application of load. Thus in fig-
ure 1(b), when the stress is changed at point A, creep will continue
as indicated by the arrow beginning at point B, which is the point on
the curve where the creep strain €g = €. As derived in sppendix B

the equation for strain according to the strain-hardening hypothesis is

n=1 k
0i . .1l/k o
ei=-E-+A zA‘tn 51nh/ % ()"')
n=1

Life-fraction hypothesis.- The life-fraction hypothesls generally
yields results which fall between the results obtalned by the rules
already described, and is analogous to the cumulative damage concept
used in fatigue. In accordance with this hypothesis, the creep behavior
of a material is dependent on the fraction of rupture time which has
been consumed. Thus when the stress is changed at point A (fig. 1(c)),
creep will continue as indicated by the arrow starting at point B, where
ty 1s determined from the relation

Pl (5)

In equation (5), trp and typ are the rupture times corresponding

to o, and op, respectively. The total strain under varied-load
creep is given by

m=1 =i At k n=i-1 At \k .
(o] k ag k
61=T1+A tlSinho'_i‘-'-Ztm ZE}% - z gnll) Sil’lha—log" (6)
m= n=1 n=1

Equation (6) 1s derived in appendix C. It is also shown in appendix C
that for the case in which both equations (1) and (2) apply, equation (6)
becomes mathematically equal to equation (4) which expresses the strain
in accordance with the strain-hardening hypothesis.

Equivalent stress.- Material creep behavior under cyclic loads can
be computed from the relations given for creep under constant load by
use of an equivalent stress. The equivalent stress is defined as that
stress which, when applied continuously, will produce rupture in the
same time as was obtained under the varied stress condition. Thus




introduction of the equivalent stress concept reduces the cyclic-load
case to an equivalent constant-load case, and an approximation of the
strain and rupture can be conveniently determined from the equivalent
case.

In appendix D the life-fraction hypothesis is used in conjunction
with the creep rupture relation (eq. (2)) to derive expressions for
the equivalent stress o.. A convenient expression for o in cyclic-

load creep is

. k
n=Jj
1/k ©
Z Aty s/ =
g l © (
sinh == = n= T)
9% n=j
}: Jay N
n=1

where J 1s the number of load levels per cycle. Note that in order to
evaluate o from equation (7), only the first load cycle need be con-

sidered. Equation (7) 1s applicable for cases in which the longest time
spent at any load level during one cycle is small in comparison with the
total test time. Values of equivalent stress oge calculated from equa-

tion (7) may be substituted for ¢ 1in equations (1) and (2) in order
to estimate strain and rupture, respectively, under cyclic-load creep.

TEST PROGRAM

Stress-strain and creep tests were conducted on tensile specimens
of 2024-T3 aluminum-alloy sheet of 0.125-inch thickness at a temperature
of 400° F. Stress-strain tests and constant-load creep tests were per-
formed in order to determine the empirical constants in equations (1)
and (2). The stress-strain tests were performed at exposure times
ranging from 0.5 hour to 50 hours (table I); and constant-load creep

tests were conducted over a stress range from 10 ksi to 55 ksi (table II).

Nominal stresses applied during the varied-load creep tests ranged
from 30 ksi to 45 ksi (approximately % Uty to th>. The various types

of load histories applied during the varied-load creep tests are illus-
trated in figure 2. Two-load tests represented in figure 2(a) consisted
of two load applications, the second load level being applied until
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rupture occurred. Cyclic-load creep tests consisted of repeated load
cycles comprising two or three load levels each. Some load-time condi-
tlons were applied so that the durations of application of all load
levels were equal. Other load cycles were such that the ratio of load
duration to the corresponding constant-load rupture time was approxi-
mately the same for all loads.

The conditions for the varied-load creep tests are given in
table III. The majority of these tests were conducted with the loads
in ascending sequence within each cycle, as shown in figure 2. However,
for each load history investigated, at least one test was performed
with the load levels 1n descending sequence. This procedure afforded
a direct indication of the influence of sequence of load application on
the varied-load creep behavior of the material. Other details concerning
the test specimens, equipment, and procedures may be found in appendix E.

RESULTS AND DISCUSSION

In this section, calculated and experimental results for creep
under cyclic loading and constant temperature are presented and com-
pared. Stress-strain and constant-load creep data which were used for
evaluating constants necessary for computing cyclic-load creep behavior
are also included.

Creep Under Constant Load

Results of stress-strain tests are given in table I and figure 3,
and demonstrate the variation with exposure time characteristic of
2024-T3 aluminum-alloy sheet at 400° F. Creep data under constant load
were obtalned over a stress range from 10 ksi to 55 ksi. The 55-ksi
stress 1s above the tensile yield stress of the materlal, as indicated
by the stress-strain results. Results of the constant-load creep tests
are tabulated in table II, and the creep curves are shown in figure L,
Tests performed at stresses below 30 ksl were discontinued when a sig-
nificant amount of creep had occurred. No strain record was obtained
during the creep test conducted at 55 ksi.

The empirical constants appearing in equations (1) and (2) were
evaluated from the stress-strain and constant-load creep data. Deter-
mination of the creep constants was made on the basis of the creep data
obtained at all stress levels. The values obtained are as follows:



E = 9.4 x 107 ksi

A=6.8x%x 1072
kK = 0.5
GO =9.3

C =1.25 X lOu

Constant-load creep curves computed from equation (la), with the use

of these values of the constants, are compared with the average experi-
mental results in figure 5 to indicate the fit between the experimental
data and the calculated curves. The constant-load creep-rupture curve

calculated from equation (2) is shown in figure 6 together with experi-
mental results.

Creep Under Varied Loads

The load histories which were applied during varied-load creep
tests and the corresponding equivalent stresses are given in table III, -
together with experlimental rupture times. Creep curves under varied
loads are shown in figures T to 10. Calculated results are represented
by solid lines. Experimental data are denoted by symbols, and dashed
lines have been drawn through the data to show the trends more clearly.
In each case the corresponding load history is shown in the figure.

Two-load creep.- The results of creep tests during which two loads
were applied until rupture occurred are shown in figure 7. In each
test the load was changed at approximately one-half the rupture time
corresponding to the initial load. Under the initial load the experi-
mental creep curves follow the calculated constant-load curves which
are shown in the figure as solid lines. The effect of the load change
on creep rate is clearly evident in the figure. Load increase resulted
in a marked increase in creep rate, and rupture was imminent. On the
other hand a decrease in applied load severely retarded the creep proc-
ess, and rupture occurred well beyond the rupture time of the lower
load. The duration of the first load during these tests produced creep
strains that were generally beyond the primary creep stage. Equa-
tions (3), (4), and (6) were developed to describe cyclic-load creep

behavior in the primary stage, and therefore are not applicable to the
two-load tests performed.

Cyclic-load creep.- Creep strains computed for cyclic load from the
time-hardening rule (eq. (%)) and the strain-hardening rule (eq. (4))

O W
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are compared in figure 8. Results predicted by the life-fraction rule
are identical with calculations made by the strain-hardening hypothesis
in this study because of the rupture expression used. The creep strains
obtained from the time-hardening hypothesis yield lower strain rates and

. a smoother curve than the results obtained from the strain-hardening

hypothesis. The strain-hardening hypothesis predicts higher creep strain
than the time-hardening hypothesls when the load cycle is in ascending
sequence and lower creep strain when the load cycle is in descending
sequence. The curve for the equivalent stress approximation coincides

at the end point of each cycle with the results from the life-fraction
rule; this is a result of the assumptions on which the derivation of

the equivalent stress is based (see appendix D). The hypotheses inves-
tigated can be expected to compare with one another in the same general
fashion under other load histories.

Calculated creep strain is compared with experimental creep strain
in flgures 9 and 10. Figure 9 shows results involving two load levels
per cycle; figure 10 represents creep results in which three load levels
were applied per cycle. In each case the calculated results cover the
range of creep strain generally considered to be of most interest in
aircraft structural applications; that 1ls, up to approximately 0.005.
For each test the constant-load creep curves computed from equation (la)
for the stresses involved are also shown in the figures for comparison.

The hypotheses investigated yield results that are in fair agree-
ment with experimental data at low creep strain when the load cycle is
in ascending sequence, although the agreement is not as good when the
load cycle is in descending sequence. None of the hypotheses is con-
sistently superior to the others. Calculated strain values are in all
cases somewhat higher than the stralns obtained during the tests, par-
ticularly when the high load is applied first, up to approximately O.OO0L.
These results appear to be due in part to the fact that the creep hypoth-
eses do not take into account the effects of creep recovery when load is
decreased. Beyond a creep strain of 0.004, the increasing slope of the
experimental data signifies that the tests are beyond the primary creep
stage and therefore the creep equations formulated no longer are appli-
cable. The equivalent stress approach gives creep results which coin-
cide at the end of each cycle with the strain-hardening results shown
and are parallel to the constant-load creep curves.

Rupture. - Experimental rupture times obtained in varied-load creep
tests are presented 1n table III and are plotted agalnst calculated
equivalent stress in figure 11. The solid line in the flgure represents
rupture times computed from equation (2) with Oe substituted for o.

Reversing the sequence of load application appears to have no effect on
the rupture time of cyclic tests. Agreement with experimental values
is satisfactory, except for the two-load tests in which the higher load
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was applied first. As already mentioned the two-load tests terminated
much later than would be predicted for constant-load rupture tests.

CONCLUDING REMARKS

The time-hardening, strain-hardening, and life-fraction hypotheses
have been formulated in mathematical terms in order to calculate creep
behavior under varied load conditions based on a knowledge of material
creep behavior obtained under constant load. A limited comparison of
these theories has heen carried out with the use of tensile creep data
obtained from 2024-T3 aluminum-alloy sheet material at 400° F under
cyclic-load conditions. Results show that all the hypotheses investi-
gated predict similar creep strain results in the region of low strain.
However the hypotheses generally yleld somewhat higher strain values
than those obtalned experimentally, since the formulas derived do not
include the retarding effects of creep recovery when the load is reduced
during a test.

An equivalent stress has been defined for varied-load tests based
on the life-fraction rule; this stress can be substituted dlrectly into
the material creep laws in order to estimate creep strain and rupture
under cyclic loads. Rupture times computed for cyclic-load tests by
making use of the equivalent stress are in satisfactory agreement with
test results. Experimental rupture time appears to be independent of
loading sequence, except in the two-load tests. Considerably different
rupture times were obtained in the two-load tests depending on the order
of application of loead.

Although considerable study 1s necessary in order to explain the
recovery phenomenon as it affects cyclic-load creep and to modify the
creep relations accordingly, it appears that when many load cycles are
applied, as in aircraft structural applications, the existing hypoth-
eses produce fair agreement between calculated and experimental creep
strain if the loads within the cycles are in ascending order. Poorer
correlation is obtained when the loads within the cycles are in descending
order. Rupture times computed using the life-fraction hypothesis were
found to be 1n good agreement with experimental data.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., February 3, 1961.
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APPENDIX A
APPLICATION OF TIME-HARDENING HYPOTHESIS TO VARIED-LOAD CREEP

In accordance with the time-hardening rule, the creep behavior of
a material at any stress is determined by the total time elapsed. (See
fig. 1(a).) Assume that a varied-load creep test begins at stress oy

and time tp = O and continues until time tj. (See fig. 2.) At t3
the strain is expressed by equation (1) as

o] o
-1 k 1

The stress is changed to o0, and the test continues at the new stress
level until tp. At this time the strain is

g k .. O k Lk O
€2 = EE + A tl sinh U—z + <t2 - tl>Slnh _ (A2)

Similarly at any stress o; and time t; the total accumulated strain

is given by the time-hardening hypothesis as follows:

e =%1+At]l‘ sinh%(l;+ <t1§ -ti‘)sinh%iur Ce (tli‘ - tli‘_l>sinhz—i
(A3)
which becomes
n=1
e = % + A Z (t% - t§_1>sinh g—g (Ak)
n=1

Equation (A4) was used to calculate the creep curves labeled "time-
hardening" in figures 9 and 10.



APPENDIX B
APPLICATION OF STRAIN-HARDENING HYPOTHESIS TO VARIED-LOAD CREEP

In accordance with the strain-hardening rule, when the applied stress
is changed during & creep test the ensuing creep is determined by the
amount of creep strain which has already been achieved. (See fig. 1(b).)
This hypothesis is expressed mathematically in this appendix.

Assume that a creep test commences at stress ¢ and continues until
time t1; then the total strain is expressed by equation (1) as

g o

1 k 1
€1 = — + At inh — Bl
1 & LSR5 (B1)

If the test continues at o, until tp, the strain is given by

(r— —k
oy 1/x
sinh —= :
Oy k oy Og Op k o1
€p = — + Aty sinh — + At {——r + Atof sinh —= - Aty sinh —
sinh —
Oo
k
g o} a
=224 aft) stant/® Ly Aty s1nn/® 2 (82)
E 0o o
o 1/k
sinh o_—'
where %7 —————752 is the time necessary to achieve a creep strain
. 2
sinh T

o
equal to Gﬁ_— 355 at stress o,, and where Aty = tp - t3. Similarly,

at 03 and tz,

O W H
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Q- d.
oo sinnt/® %L 4 At sinnt/k 22 93
05 1 0, 2 9, 5
5 + A 5 + At3 ©
sinnl/% 2
Uo

m
N
]

L]

g o g oz \k
2 oafty stnE 2y Aty st/ 2, Aty sinnl/k 3 (83)
E % % %

Thus at any stress o4 and time t4, strain predicted by the strain-
hardening hypothesis is given by

k

=i

03 1/k %n

€; = — + A Atp sinh — B4

1= > n 5 (BL)
n=1

Equation (B4) was used to compute the creep curves labeled "strain-
hardening" in figures 9 and 10.
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APPENDIX C
APPLICATION OF LIFE-FRACTION HYPOTHESIS TO VARIED-LOAD CREEP

The life-fraction rule was originally proposed as a cumulative-damage
theory for use in fatigue problems (refs. 7 and 8), but also finds appli-
cation in the varied-load creep problem. In the case of varied-load
creep the hypothesis may be stated thus: In varied-load creep the creep
strain is a function of the fraction of creep life which has been consumed.
The mathematical formulation of the theory is presented here.

As in the previous appendixes, creep is initiated at stress o1
and continues until time t7, when the strain is given by
!

- AtE simn oL
el-—E—+ t7 si "_o (c1)

After spending the duration Aty at op,

% oy Aty k At \E o,

€ = — + At] sinh — + A|{typ —= + Atp) - [tpo —=| |sinh = (c2)
E g t t o

o rl rl o]

where tp,] and trp are the rupture times for o7 and 0p, respectively.
Then, at any stress o; and time t;, the total strain as calculated by

i
the life-fraction hypothesis is

k k
g g At At g
€ = — + AtY sinn L+ Al{tpp —= + Atp) - (tpp —=) |sinnh —=
[( At At >k At o\ o5
+ Allt + t — + At - It —_—= 4 T — sinh
3% Ot 5 5 %e1 ¢ T o o
n=i n=i-1
k k
+ . . o+ Aty }; éfg - }: éEE sinh -+
rn trn Jo
n=1 n=1
m=1 n=i k n=i-1 k
o3 k o1 z k Z JAN N A Onm
= =+ A{ty sinh — + t — - —| {sinh —
E 1 /o) T N ™m Oo
m= n=1 n=1

(c3)
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For the case when the rupture time is given by equation (2), it can
be shown that the mathematical forms for the life-fraction and strain-
hardening hypotheses are identical. After substitution for +ty from

equation (2), equation (C3) becomes

€4 = = +_A{E; sinh Y

K
nm=1i n=1i n=1-1
. : [0
+ Z Aty sinhl/ km) | Aty sinnl/E =
(o]
m=2 n=2 n=1
. k
n=i
g g : g g
1 k 1 Z 1/k %n k 1
= 2 + A{tYX sinh == + Aty sinht/® B - % sinh =
E 1 % n % 1 %
n=1
B k
g 0.
=14 Z Aty sinhl/E B (ck)
E Oo
n=

The fact that equation (C4) is identical to equation (Bl4) indicates that
the strain-hardening and life-fraction rules are identical within the
range of stress where both equation (1) for strain and equation (2) for
rupture apply.
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APPENDIX D
EQUIVALENT STRESS FOR VARIED-LOAD CREEP

In this appendix an equivalent stress for varied-load creep is
derived from the life-fraction rule. The equivalent stress is defined
as that stress which when applied continuously will produce rupture at
the same time as the varied-stress condition. Thus any varied-load creep
problem can be reduced to the equivalent constant-load problem by com-
putation of the equivalent stress. The equivalent stress will be derived
for the general case of a random distribution of locad levels and for the
case of cyelic-load creep in which a definite load cycle is repeated many
times.

General Case

According to the life-fraction rule, creep failure occurs when the
following relation is satisfied:

n=1
At
Z—E=1 (D1)
Trn
n=1
The rupture time at which equation (D1) is satisfied is given by

n=i

by = Z At (2)

n=1

However, in the general case of random loading, the time increment Aty

is unknown. When this quantity is substituted from equation (D1) into
equation (D2), the result is

n=i-1
tri
tp = Atgll - == + tpi (D3)

trn

O W H
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Thus after substitution for tyn and tp; from equation (2) into equa-
tion (DB), and by use of the definition of the equivalent stress

Oe s
the rupture time becomes
- G
n=1-1 sinnl/E On
oty = E: AtglL - Zo = - C ()
] st/ 2L sil/® L gyplfE Ze
% 0o %
dquation (D4) yields the expression for equivalent stress, namely
— . -k
o, oy c (55)
sinh — = sinh — D5
e} Go n=i-1
g o
C+ z Aty <sinhl/k 9 einnt/E -E>
e} Oo
n=1

Equation (D5) was used to calculate equivalent stress for the two-load
tests reported in the text.

Special Case: Cyclic-Load Creep

When many repeated load cycles are applied during a test, an expres-
sion can be derived for the equivalent stress which is more convenient
than equation (D5) by considering the load-time characteristics of one
cycle. For the purpose of this derivation, it is assumed that rupture
occurs at the end of a cycle. This assumption introduces negligible
error in the calculated rupture time if failure occurs after many load
cycles have been applied.

In view of the assumption, equations (D1) and (D2) may be written
as

n=j
¥ ),

n=1

B

At
- =1 (D6)
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and
n=Jj
tp = N z Nt (D7)

n=1

where N 1is the number of cycles to produce rupture and J 1is the
number of load levels per cycle. The unknown N can be eliminated
between equations (D6) and (D7); then with the use of equation (2) and
the definition of equivalent stress, equation (D7) takes the form

n=j n=j
1 C
tr =C E: Atp = ——————— D8
* At signl/E o0 . 1/k Oe (08)
n=1 Otn sinh — n= sinh —_
% %o

which ylelds the relation for the equivalent stress as follows:

n=j k
Z Aty s1nn ™/ g-g
ston g2 - | (09)
S oon
n=1

The equivalent stress for any varied-load creep test can be cal-
culated from equation (D5) or equation (D9), and the creep strain and
rupture time can then be estimated by substituting the computed Oa

into equations (1) and (2), respectively.

WO AN - H



F O W

19
APPENDIX E
TEST SPECIMENS, EQUIPMENT, AND PROCEDURE

The test speclmens used in this study were machined from a single
sheet of 2024-T3 aluminum alloy of 0.125-inch thickness. The specimens
were 1 inch wide, with a length of 24 inches oriented in the rolling
direction of the sheet. The width of each specimen was reduced to
1/2 inch along a 2-inch gage length in the center section.

Two testing machines were used to conduct the tests reported in
this paper. The first is a conventional deadweight beam-loading type
of creep machine used to apply constant loads. It is equipped with
automatic temperature controls and an autographic strain recorder.
Most of the constant-load and two-lcad creep tests were performed in
this machine. All other tests were conducted with the equipment shown
in figure 12. The varled-load creep testing machine shown was used to
apply constant load with the welght cage, and to apply varying loads
with the load-programing equipment and the hydraulic cylinder.

The load programer consists of ten channels with which up to ten
different load levels can be controlled. The specific load levels
chosen can be cycled repeatedly in a prescribed order, and random
cycling can also be programed. Prior to a test each channel to be
used is set for the desired load level and time at load. An additional
channel is avallable for performing stress-straln tests. In operation,
the load programer transmits the preset signal to an electrohydraulic
servovalve. The servovalve transforms the electric signal into a pres-
sure difference across the plston in the loading cylinder, and thus
load 1is applied to the specimen. A mechanical spring-dashpot system
was installed in series with the loading cylinder to permit greater
control of finite load changes.

The load programing system does not contain an automatic comparison
component between the controller and the applied load. For this reason
the equipment required periodic monitoring and tests were interrupted
overnight. Results of several constant-load creep tests conducted in
this machine showed that the overnight removal of load and cooling of
the specimens produced negligible effects on the data obtained. Minor
adjustments of the programer load settings were made occasionally during
cyclic-load tests in order to maintain loads within *1 percent of the
desired loads. ’

The automatically controlled furnaces used in the Investigation
maintained the test temperature along the gage length of the specimen
within 5° F
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In both testing machines, the strain of the specimens was measured
by averaging the output of two microformers which were attached to the
specimen gage points by a strain transfer device. Strain-time curves
were recorded sutographically on previously calibrated recorders.
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TABLE I.- STRESS-STRAIN DATA

Test Exposure time, hr E, ksi Oty ksi
1 0.5 9.4 x 107 bk, g
2 .5 9.4 Yy, 7
3 2.0 9.4 51.3
Y 5.0 9.4 45.8
5 20.0 9.4 k2.6
6 20.0 9.4 L2.3
T 50.0 9.4 38.9
8 50.0 9.4 38.8

TABLE II.- CONSTANT-LOAD RUPTURE DATA
Test o, ksi Rupture time, hr
9 10 Test stopped at 90.0
10 10 Test stopped at 150.0
11 10 Test stopped at u46.0
12 15 Test stopped at 66.0
13 15 Test stopped at 55.0
14 20 Test stopped at 66.0
15 20 Test stopped at 45.0
16 25 Test stopped at 53.0
17 25 Test stopped at 45.0
18 25 Test stopped at 50.0
19 30 101.0
20 30 63.9
21 35 62. 4
22 35 24.0
23 Lo 6.5
2k Lo 9.4
25 45 1.3
26 L5 2.2
a7 50 .9
28 50 1.8
29 50 T
20 55 .2
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TABLE ITI.- VARIED-LOAD CREEP TESTS

(a) Two-load tests

25

Test oy, kel Aty , hr g, ksi at, Oe, ksi rugzﬂzzizi::?lhr
31 ko 4.0 4s To rupture k2.1 5.8
32 45 1.1 4o To rupture h1.3 18.0
33 45 1.1 4o To rupture k1.3 25.7
34 30 50.5 Lo To rupture 31.5 50.6
35 4o 4.0 30 To rupture 32.4 211.7
36 4o 5.0 30 To rupture 33,3 527.5
37 Lo 6.5 30 To rupture 34.8 115.1
(b) Two-step cyclic tests
Test o, ksl Oty , hr oy, ksi Aty, br Oe, ksi ru§:§i21$i32?lhr
38 41.3 0.100 46.3 0.100 by 5 2.6
39 46.3 .100 .3 .100 4y 5 2.3
4o h1.3 .157 k6.3 .043 43,0 3.4
41 6.3 .ok3 41.3 .157 43,0 4,5
42 31.3 .200 41.3 .200 38.6 20.0
43 1.3 .200 31.3 .200 38.6 k.0
N 31.3 .927 41.3 .073 33.3 39.9
b5 .3 .03 31.3 .927 33,3 29.0
(¢) Three-step cyclic tests
Test | o), ksl |Aty, hr | dy, ksl | Aty, br | o3, ksi A¢3, hr | oo, ksi rugzﬂi:izig:?lhr
46 31.3 0.200 36.3 0.200 b1.3 0.200 37.9 13.0
Y7 k1.4 .200 36. 4 . 200 3L. 4 . 200 38.0 1.k
L8 31.3% . 730 36.3 .212 4.3 .058 34,2 23.0
kg 31.3 . T30 36.3 .212 41.3 .058 34,2 24,0
50 41.3 .058 36.3 .212 31.3 . T30 34,2 30.0
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Creep

- Creep
strain

strain

Time Time

(a) Time-hardening hypothesis. (b) Strain-hardening hypothesis.

Creep
strain

Time
(c¢) Life-fraction hypothesis.

Figure 1.- Illustration of three hypotheses for varied-load creep.
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(b) Equal-time load steps.
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(c) Equal-life-fraction load steps.

Figure 2.- Types of load histories applied in tests.
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Figure 3.- Tensile stress-strain curves for 2024-T3 gluminum-alloy
sheet at 400° F.
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(b) Tests 34 to 37.

Figure T.- Creep curves for two-load tests on 2024-T3 aluminum-alloy
sheet at 400° F.
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Figure 8.- Comparison of creep curves for cyclic-load creep calculated
by the strain-hardening, time-hardening, and life-fraction hypotheses.
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Figure 9.- Two-step cyclic-load creep curves for 2024-T3 aluminum-alloy
sheet at 400° F.
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Figure 9.- Continued.
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Figure 9.- Continued.

n6¢T-1



L-1394

T

Strain—hardening

Time—~hardening

Creep
strain %30
.00! LD
P
/ _ 40F
Nommulao———l L
stress,
ksi
—le
0 .927 1.0
Time, hr
.0001 b i oo gl [ RN
Y 100
Time, hr
(g) Test Lk,
o
9
0l (?
= Stress, kKsi ¢
Creep N 40
strain L Strain-hardening //////// : 30
[s)
r Time—-hardening
[
.001
——_==rf::ﬁ:::
40|
Nominal30
stress,
ksi
- 0.073 1.0
Time, hr
.0001 Ll 1ot luin (I RN [ R
. 0l . | 10 100

Time, hr

(h) Test 45.

Figure 9.- Concluded.
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Figure 10.- Three-step cyclic-load creep curves for 2024-T3 aluminum-
alloy sheet at 400° F.
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