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FORNWORD

This investigation was coupacted in the Structural & Design
Data Branch of the Materials Laboratory, Directorate of Research
Wright Air Development Center, Wright-Patterson Air Force Base, &hio,
with Mr. W. J. Trapp acting as project emgineer. It was iaitiated
under the research and developeznt project identified 1W Research
and Develomeat Order No. 614-16, "Fatigme Properties of Aircraft
Structural Xaterials."
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ABSTRACT

This report presents the test procedures and results of a fatigue
investigation at room and elevated temperatures on S.A.E. 434o steel, oil
quenched and tempered to 160,000 psi in the unnotched and notched condi-
tion. The notch used in the investigation is a 600 V-notch with 0.010"
radius and 0.025" depth.

The results, which are presented in form of S-N diagrarns, normal and
nondimensionnl modified Goodman and stress-range diagrams, reveal the
effect of temperature and stress-ratio on the unnotched and notched fatigue
properties.

The fatigue tests were supplemented by stress-ruoture and creep-
rupture tests and by dynamic creeo-measurements. The investigation was
conducted at room temperature, 600D, 000 and 10000 F.

In general, the fatigue strength was found to decrease with increas-
ing temperature at all stress levels and all stress-ratios excent for the
life times between 105 and 15 x 106 cycles in the notched condition, where
at-600 the value is lower than at 9000 and even lower than at 10000,
dependent upon stress ratio. This can probably be related to an increase
in brittleness in the 6000 region, which is also confirmed by the fact,
that the notch sensitivity at 602•° was found to be higher than at any of
the other temperatures investigated.

The notch-sensitivity factor based on maximum stress, is de-nendent
uron temperature, stress-level -d stress-ratio. It generally decreases
with incrensing stress level, increasing teroerature and decreasing stress-
ratio. The peak of notch-sensitivity is produced at combletely reversed
load for all temperatures.

The tests indicated that creep is dependent upon mean stress rather
than upon maximum stress. Two distinct tynes of creep-time ditayTsms were
obteined, detemrined by stress-ratio, mean stress and temperature. A
fracture study revealed certain relations between the type of creep dia,-
gram and tyoe of fracture, inter ind transgranular.
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A STRACT (Cont'd)

Fatigue life at elevated timperature is not Only dopondQst Won
total mmber of cycles, bat also Upon time when creep is involved. The
speed of 1oading (cclio frequNq). which determines the time available
for creep and therefore the oamont of oreep =at be considered. The
ultimate failure in general is & combination of fatigue and creep, with
the relative effects of ewh dependin upon stress, otress-ratio, tamper-
&tuo and time.

This report has been reviewed and is approved.

PME TS CCR IM G3N:AL:

colonelI U8A
Chief, Materials Laboratory
Directorate of Research
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INThROLCTION

There is little published information on the effect of mean stress on
the axial loading fatigue properties, fatigue notch sensitivity and dynamic
creep effects at elevated temperatures for steel. These properties were
investigated in this project, and the results are presented in the form of
modified Goodman and other diagrams.

MATMIAL AND PROCEU3iM

The test material used was S.A.E. 4340 aircraft quality steel, conforming
to Military Specification MII-S-5000A. A chemical analysis disclosed the
following results:

C Mn P S Si Ni Cr MoSo-0.77-

It was produced in the form of rolled round bars of 1 1/S inch diameter,
all from the same heat. The cylindrical unnotched specimens were rough mach-
ined within 1/16 inch of the finished dimensions and heat-treated as follows:
1575cF. for 1 1/2 hours, quenched in oil, tempered at IIF0 0F. for 1 1/2 hours
and air cooled. The specimens were given as nearly identical heat-treatment
as possible. Although accomplished at different times because of the limited
capacity of the furnace, the hardness produced was within two points Rock-
well C for all specimens. After heat-treatment the specimens were turned to
0.400 inch diameter in the gage length of 1 3/4 inch with V"-14 NF-3 thread-
ed gripping ends (Figs. 4a and 4e). The threads have been ground to insure
-proper alignment of the specimens in the fatigue machine. All tool marks
in the gage section of the specimens were removed by hand polishing. A sur-
face finish was produced of about 10 micro-inches. The notched specimens
were identically heat-treated and machined, except for the gage section,
which was turned to 0.450 inch diameter and provided with a 600 circumfer-
ential groove, 0.025 inches deep with a 0.01 inch radius at the bottom
(Figs. 4b and 4d). The groove was not polished since microscopic emmination
proved the surface finish to be identical with the one of the unnotched
specimens. Since all possible care was given to the cutting of the notches
(in selecting optimum feed and speed. it can be assumed that any residual
stresses set up during maching operations were negligible.

The investigation was conducted in axial loading at room temperature,
600P, W•O0 and 10000F,. in a 20-ton Schenck fatigue testing machine (1). The
frequency of the cyclic loading was between moroximately 2000 and 2500 cpm.
This frequency range is due to the fact that for this type fatigue machine
the amplitude of the cyclic load is controlled by the speed of an eccentric
which excites the dynamic loading spring. The specimen grips are made out
of the low heat conducting Inconel X material. They are water cooled in order
to avoid temperature influence on the dynamometer, loading spring system and
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the creep measurements. The specimens are fitted with lock nuts, which were
processed very carefully in cutting the thread and facing the ends as accurately
as possible, so that no bending stresses would be apirlied to the specimen by
tightening the nuts.

The stress distribution in the gage section of each specimen was checked
with Huggenber*er Extensometers before starting each test. The maximum devia-
tion from the average strain was found not to be higher than 2%. A more
thorough check was conducted with SR-4 strain gages on a specimen picked at
random. Three gages were mounted at each end of the gage section on its
periphery 1200 apart. The maximum deviation in the periphery of one end was
found to be 1.45%, in the other end 1.63%. The difference between the aver-
age stresses in the Deripheries of the two ends was found to be 0.7%. The
furnace is a split type provided with three separate heating coils in order
to control temperature distribution in the amial direction. The temperature
gradient over the gage length of the specimen is maintained within k 50 -..
at 1000F.; the horizoatal arrangement of the furnace in the fatigue machine
aids in attaining a uniform temperature. The temperature control thermocouple
is fixed to the specimen itself. In this way the desired temperature is
reached automatically and maintained very closely and any temnerature change in
the specimen, for instance, that due to heat generation by &damping in the mater-
ial, is balanced out without overshooting. A Leeds-ŽNorthrup .Aicromax recording
controller ranging from 0 to 20000 F. controls the testing temperature with
an accuracy of ±20 at 1000 F.

The dynamic creep measurement was accomplished by measuring the gripning
head travel. The movement of the head is transferred to a leaf spring (Fig. 2)
from which the deflection or strairnvresnectively, is picked iro by wire gages,
amplified and recorded on a Brown Electronik Recorder. This eauipment, which
has been especially developed for this purpose, nermits measurement of head
travel with an accuracy of 0.0001 inch. Although the measurement includes
the complete gri-uoing system, measurements with Huggenberger extensometers on
the gage section of the specimen indicated that the creei) in the specimen
is obtained with an accuracy of l'. This accuracy is maintained for all teot-
perptures tested by water cooling the griwoing system and keeoine it at a
constant temperature during the test. To determine the creen in the snecimen
by using the head travel it is necessary to deterinine the effective Fnge
length, which t.kes into considerrtion the creep in the fillet section of
the sDecimen. The effective gage length ws calculated by assi-ding that the
creep-rate law is a hyperbolical sine function (4) and by usir a gran ical
integration of strain over the straight section ,nd fillet section of the
specimen. This procedure w- s conducted for ech snecimen. The rpnnpe of the
effective jnee lernths was between anmroximately 110 and 13Y of the act1al m
machined gr-ge length.

The creep-runture tests were executed in a B-:ldwin-Southwnrk Creep-riioture
testirN machine with a 20,000 lbs. canacity, equipoed with an automitic creep-
time recorder. All creep data are obtained3 in the form of time-elongation
curves for constant load and temperature.
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The static tests were conducted in a 20,000 lbs. caoacity Olsen testing
machine. The stress-strain diagrams at all four temperatures were obtained
with a Templin Stress-strain recorder. The room temperature test wais conducted
with an Olsen strain gage on the specimen at the same tirhe, as a check. The
rate of loading was kept constant according to the elongation of 0.-5 inch/min.

RESULTS AND DISCUSSION

Values of unnotched and notched static and fatigue nroperties for differ-
ent temperatures are given in Tables 1 and 2. FiZ. 5 shows the stress-strain
diagrams of one of three soecimens tested at each temperature, for room
temperature, 6000, 8000 and 10000F., which c9emonstrate increasing ductility
of the material with temperature, indicated by increasing strain at a given
stress with increasing temoerature. Ultimate Tensile Strength, Yield Streng;th,
Proportional Limit Pnd IModulus of Elasticity drop gradually with temperature.

The fatigue test results are presented in form of S-N diagrams for the
different stress ratios, unnotched end notched, up to s life of 15 million
cycles. As an extract of the whole investigation, normel 9nd dimensionless
modified Goodman type diagrams and. alternating stress-mean stress diagrams are
presented, which are considered the best and most efficient condensation of
the results for the designer.

In Figure 6 are given the S-N diagrams for room temperature, 6000, 9000
and 1000°F. for tensile loading zero to maximum in unnotched condition. The
curves follow the general trend of decreasing fatigue strengths with increas-
ing temperature, but at 000 and even more at 10000, the diagrams nroduce a
change in characteristic. A steeper slope at the low stress level indicates
a hig-her effect of temperature in this region. The fatigue strength for 1 x
106 cycles is reduced to 83% of the room temperature value at 6000, to 71% at
000 and to 54 at 10000 F. This higher effect of temperature is connected with

the phenomena of creep, as well as fatigue, causing failure. This is discussed
in detail later. The solid points plotted in Figure 6 represent specimens
with extraordinary lerge inclusions found in the failure section of the speci-
mens (details see page 10). The low points are not considered in drawing the
curves because there were found no inclusions of anywhere near this size in a
subsequent lot of material submitted by Reoublic Steel Corporation for compar-
ison. It is felt that the lot which produced the large inclusions is an
exception which probably will not occur in present production.

Figure 7 presents the S-N curves for completely reversed loading at room
temperature, 6000, 8000 and l0000 F. The diagrams indicate little effect of
the temperature at 6000 and 8000, but a compa;atively considerable reduction
at 10000 F. The fatigue strength for 15 x 100 cycles is reduced to 91% of the
room temperature value at 6000, to S6% at 8000 and to 56% at l0000F. Since
there is negligible opportunity for permanent creep in completely reversed
loading, stress-ratio A--,0, (see Figure 37) the failure is entirely fatigue
controlled at all the temperatures. ýWhereas in any loading where the mean
stress is other than zero, the ultimate failure at elevated temperatures is a
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combination of fatigue and creep. The relative effects of creen and fatigue
denend upon temperature, stress and stress-ratio. No correlation between these
factors and the type of failure has been found. Efforts in this direction
are being made in the fracture studies, which are discussed later.

The comparatively low fatigue strengths at l,"O00 might be connected with
the extremely low proportional limit found at this temperature. As seen in
Figure 9, the proportional limit decreases as temperature increases.

Figure 8 shows the S-N diagTams for high constant mean stress at ech
temperature level in unnotched condition. The individual mean stresses have
been selected to produce the most complete Goodman diagram possible with the
limited number of specimens available, since no more material of the same heat
could be procured.

The number of cycles which are considered to represent the endurance limit
for steel at room temperature is 107. But for a sufficiently high temperature
and mean stress a definite endurance limit seems to be lacking, the S-N curve
continues to drop. As long as aAy indication of creep is present, failure can
be expected even at number of cycles higher than 15 x 106 cycles, the maximum
cycles used in this investigation.

In Figure 9 the ýoodman type diagrams for different temperatures in unnotched
condition for 15 x 10O cycles are presented. The peaks of the diagrams, which
are the points of maximum mean stress at the different temperatureyrepresent
the static creep-rupture values for 120 hou s, which is the same time the
dynamic tests have been run, namely 19 xl10 cycles. No creep-rupture tests
were made for 120 hours at room temperature since tests over several hours
did not produce any amount of creep and reduction in strength.

The normally used short time ultimate tensile strength value is not sit-
able for this diagram, because of the considerable amount of creep involved
with increasing temperature. The diagrams Figure 10 to 13 are the S-N dia-
grams and modified Goodman diagrams for the notched condition. The S-N
diagrams,Figures 10 and llproduce the usual steep slope in the high stress
level compared to unnotched. The negative influence of temperature of fatigue
stre th decreases considerably with number of cycles compared to unnotched.
At lO cycles for zero to maximum load the fatigue strength at 8000 and 10000
is reduced to 71% and *&A,respectively, of the room temperature vnlue in unnotched
condition, whereas in the notched condition it is reduced to only 85% and 66%
respectively. For completely reversed load, this trend is even more distinct.
The values are 96%j and 56% for unnotched and 93,• and 8TA for the notched at 8000
and 1CO0 res-ectively. For 6000 the behavior is different compared to 8000
and 10000. The fatigue strength at the low stress level is lower than at
000 for zero to maximum and even lower than l0000 for completely reversed.
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The slenderness of the modified Goodman type diagram in aigure 13 for
notched condition compared to the diagram for unnotched condition in Figure 9
demonstrates the effects of the notch on fatigue for different stress ratios.

The effect of temperature, stress level and stress ratio on notch sensi-
tivity can be observed in Figures 34 to 36. There is no generally valid corre-

4 lation between these three factors and notch sensitivity, but for lower stress
levels and all but the lowest stress ratios, the notch sensitivity at 6000 F.
is the highest, while at 000 and at 10000 the notch sensitivity is lower than
at room temperature. The notch sensitivity is defined as:-

q'- Kf - 1
KtI - 1

where Kf is the fatigue strength reduction factor and K1 is the "technical"
stress concentration factor, derived froij H. Neuber's "Theory of Notch Stresses"
(2). The factor q' was used, Ibased on Kt, rather than the factor q, based
on Kt, because the value of Kt, which takes into consideration the effect of
the flank angle of the notch comes closer to the actual fatigue reduction
factors found in the investigation (see TABLTE 2) than Kt, which is the theoret-
ical elastic stress concentration factor. For the notch used in this investi-
gation (see Figure1 ) Kj = 1.8 and the corresponding theoretical stress
concentration factor Kt = 3-3 therefore q = q' x 0.348.

The nondimensional modified Goodman diagrams in Figures 14 to 23 for the
unnotched and notched conditions at different temoerature and stress levels
reveal,in general, the trend of increase in ductility with increasing tempera-
ture, but this is not true for all stress ratios for either the unnotched or
notched condition. The fatigue data for the unnotched condition, for all
stress ratios and life times Pt all temperatures, are above the modified Good-
man straight line, which can be expressed as:

Se Sc

Sa is the allowable alternating stress for specified lifetime or number of
cycles and for specified mean stress Sm. Be is the experimental fatigue strength
at the same life time for completely reversed stressing. Sc is the experimental
static creep-rupture strength (or tensile strergth at room temperature) for
sp-ecified lifetime converted to hours. The data at 10000 F. is the farthest
above the line. These results are an indication of ductility and show that
the allowable stresses obtained by the use of the modified Goodman line are
conservative for these c9nditions. For the notched condition the data at all
temperatures for 15 x lO cycles are on or above the modified Goodman line.
although closer to the line than for the unnotched conditiot. ior higher
stress levels the notched data fall below the line in some instances.

WAXC TM 52-729 Pt 1 5



In Figures 24 to 33 stress range diagrams (alternating versus mean stress)
for unnotched and notched conditions are presented. The diagrams reveal that
the mean stress is more effected by temperature than the alternating. This
effect is more distinct in the unnotched than in the notched condition aMd more
at low than at the high stress level. For the notched condition the curves
display an extreme flatness, especially at the low stress level, and even a con-
cavity for all temperatures except for i0000 F., which indicates that a small
increase of the dynamic load greatly reduces the mean load carrying capacity
at the low stress level or region of large number of cycles.

In Figures 34 and 35 plots are made of the notch sensitivity ,q', as
function of life or stress level for the two different stress ratios A = CO
and A = 1. It is indicated that at all termperatures, but room temperature and
600OF. for the stress ratio A = o, the notch sensitivrity disolays a mexi
at a stress level corresponding to a number of cycles between 105 and lO). The
highest values of notch sensitivity were found at 6001F. excent for the high-
est stress level, where the notch sensitivity was higher nt 960'. Figure 36
demonstrates the irnfluence of stress ratio on notch sensitivity at different tem-
peratures. The trend is decreasing notch sensitivity with decreasing stress
ratio at all temperatures tested with the exception between A = a and A = 1
at 10000 F. The peak of notch sensitivity is indicated at stress ratio A =C
for all temperatures except for 10000 F.

In Figures 37 and 3$ a few creep-time diagrms are presented, which were
selected to demonstrate the main nroperties found and to show the two different-
characteristic creep curves, which we shall call the static type and the dyna-
mic type. They are dependent on ratio of alternating to mean stress, magnitude
of mean stress, and temperature. The static type is similar to the normal creep
rupture curve and leads to the typical creep rupture failure, whereas the
dynamic type Dr6duces comparatively little creep in the second stage and practi-
cally no third stage creep at all. It leads from the second stage of creed abruptly
to the typical fatigue type failure.

Figure 37 demonstrates the changeover in characteristic of the
cree!-time curve from static to the dynamic type for 10000 F. The creer-time
curves for five mean stresses are plotted and it is seen that the ch~ange is
from the normal static type (or creen-rupture) at Sm = 53,000 psi to the
comuletely dynamic type (or fatigue). This rne of stress extends from static
loading (A = 0) to completely reversed loading (A = o ). The creep curves for
Sm = 50,000, Sm = 42,000 and Sm = 34,20 psi show combinations of static and
dynamic characteristics in vprying degrees. Between Sm - 94,000 and sm = 42,000
psi there is a change from mostly static to mostly dynamic characteristics,
as the curve for A = 0.26 has a third stage creen, while the curve for A = 0.95
has no third stage and shows the dynamic type of failure. This diagram indi-
cates that creep is highly dependent on mean stress rather than on maximum stress.

AMO TR 52-325Pt 1 6



At low temperatures the effect of mean stress is different in that the type of
creep characteristic does not change until the stress is close to the yield
point. This effect of temperature is due to the different types of stress-
strain diagrams at different temperatures, as seen in Figure 5. The change

from dynamic type of creep curve towards the static type appears to start at
some constnnt ratio of stress to strain regardless of temperature. From
here on higher mean stresses or lower stress-ratios produce a creep diagram
rather similar to the static creep curve. This indicates that down to a
certain stress-rstio as well as up to a certain temperature, fatigue contri-
butes most to cycles or time to failure, beyond this region creep is increas-
ingly of more influence than fatigue. The change from dynamic towards static
type of curve is more rapid at low temperatures because the stress-strain
ratio changes suddenly, as seen by the sharper knee in the room temperature
stress-strain curve.

This effect of temperature is seen in Figure 38 where two creep-time curves
of two stress-ratios each for room temperature and lO000 F. are plotted. The
change from low to high mean stress (from high to low stress-ratio) at room
temperature does not cause any change in characteristics, while at 10000 7.
the creen curve changes from dynamic to static type. No third stage of creep
is noticeable at room temperature, but at 10000 F. , one is present similar to
a normal static creep diagram. For the stress-ratio A = 1.0 only very little
difference in minimum creep-rate and no third stage of creep was found at
either temperature.

The ratio of minimum creep rate at different temperatures for instance for
room and 10000 F. corresponds approximately with the ratip of plastic strain
in the stress-strain diagrams at the respective points of stress.

A certain relation between characteristics of the creep diagrams and the
type of fracture could be found. Although grain boundaries are very difficult
to detect in S.A.E. 4340 steel and only a limited number of dynamic creep
diagrams are available, the following trends have been noted:

(1). The dynamic type of creep diagram seems to correspond with a
transgranular fracture at all temperatures and in some cases with partly
transgranular and partly intergranular fracture dependent upon stress-ratio.

(2). The static type of creep diagram, when in conjunction with a

great amount of strain (necking of the specimen) at room temperature, indicated
transgranular fracture, but with decreasing strain and increasing temperature
an intergranular fracture is more likely to occur. However, this question
needs further investigation and this has been initiated. Because of the diffi-
culty in locating the grain boundries in S.A.E. 4340 steel, it has been
decided to continue the fracture studies on a titanium alloy, where grain
boundaries are much easier to detect.

In Figure 39, a fatigue fracture is shown with a spherical inclusion
of an aluminum oxide-silicate composition in center (see page 5). These
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inclusions were found occasionally during this investi, ation. When present
they were always the nucleus for the fatigue failure, which expanded radially
to a circular area. The size of this circular area deoended upon the stress
ratio. The remaining area failed statically. These larGe size inclusions,
which in some cases were found to be 0.003 inch in diameter, were discovered
undamaged only in 0 to maximum loading or in creep-rupture and only at ele-
vated temperatures in the unnotched condition. In other tests the inclusions
were no longer spherical, but were broken up. Specimens which were found to
have large size inclusions are marked in Figure b and show considerable reduc-
tion in fatigue strength. I4icroexamination of the soecimens made by the 4
metallurgical laboratory of the Republic 6teel Corporation revealed some fine
dispersed globular nonmetallic inclusions throughout the matrix of the steel.
In the petrographic examination,,the inclusions proved to be carborundum (Al20 3 )
crystals with silicate glass corresponding most likely to anorthite, a
CaO-Al20--Si02 composition, which is probably a deoxydation product rather
than R nroduct of refractorj erosion. It had to be expected, that besides
the great reduction in fatigue caused by the large size inclusions, the results
of the whole investigation would be unfavorably influenced by smnller size
inclusions. Check tests with supoosedly clean material, submitted by Republic
Steel Corporation especially for this nurpose, revealed negligible influence
in this respect. However, in a few specimens of this material, submitted by
Republic Steel Corporation, small inclusions of the same appearance here
found, which may indicate that the SWE 4340 steel in general is permiated
by this composition. The effect of the inclusions on fatigue increased with
temperature. At room temoerature and at 600* F. all suecimens failed within
the normal scatterband and no large si"e inclusions were found present in the
fracture areq. At S000 and 10000 F. specimens found to have inclusions in
the fracture area failed fý'r below the normal scetterband.

It is realized that, even at about the sane hardness, treatmPnts for
)4340 steel other than quenched and teroered may oroduce better high temper-
ature properties such as at 1000 F. and higher. The following data on 4340 steel
exemplify this:

NMAIIZED *(5) OM quTciH AND
TPERD

Tested at room Tested at Tested at room Tested at
temperature l0O00 F. temperature 10000 F.

Tensile strength, psi 165,000 99,000 156,600 80,700
Yield strength, 0.2% 106,000 6,500 1146,900 62,600

offset
Creeo-rupture strength,
at 100 hours, psi -W,000 lO,000**

Elongation, % in 14D 14 is 15 2D

**120 hours
*First Treatment: N. at 1750 F. + T. 2 Hrs. at 12000 F.

Second Treatment: N. at 17500 F.
Specimens cut from turbine disk.
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CONCLUSIONS

1. Within the temperature range investi,'aLed the unnotched fatigue
strength decreases as the temperature increascs at all stress levels and
stress-ratios. The notch sensitivity is dependent upon temperature, stress
level and stress-ratio, but no generally valid correlations were found. The
highest notch sensitivities of all temperatures investigated are at 600o F.
While for low stress levels, the notch sensitivities at 8000 F. and 10000 F.
are lower than at room temrnDrature ,and 6000 F., the sequence changes with increas-
ing stress level, and the highest notch sensitivity is at 8000 F. Also, the
influence of temperature on notch sensitivity decreases in general for all
temperatures with increasing stress level.

2. Creep is more dependent uxon mean stress than u'ýon maximum stress.
The failure characteristics rhange from pure fatigue to pure creep as the
stress ratio decreases from A = oo to A = 0 at elevated temperatures. Two
distinct types of creeo-time diagramns are obt-ined for high and low stress-
ratios. The cause of this is seen in a study of fractures, which indicates
that at hign stress-ratios the failure is transgranular at all temperatures,
while at low stress ratios, the f½iIure is intergr,-ular at room temperature,
becoming transgrarular as the ter•:perature increases.

3. At elevwted tem-oeratures creep occurs under dynamic loadin- at all
stress-retios exceot A = oo. At stress-ratio A = o( the ultimate failure
is oure fptigue, but at all other stress-ratios the ultimate failure m-y be
fatigue or creep deoending uoon the relative magnitude of the effects of
stress, temperature and time.

4. Life at elevated temperature fatizfe is dependent not only on the
stress and number of cycles, but also on time, ore or less according to stress-
ratio. This means, in selecting desig- stresses, two limitations must be

considered,. frqcture sh-all not occur anid the total deformation shall not be
excessive.

5. The speed of loading (cyclic frenuency) must be considered at
elevated temroerrtures since it determines the length of time in which creep
may occur.
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