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Summary

Biaxial stress tests were performed on thin wall tubes of polycrystalline
2024-T81 Aluminum at temperatures of 150 and 250°C. The nominal metallurgical
stabilization temperature for this alloy is 190°C. Transient and steady state
creep strain rates exhibited a considerable dependence on load path history.

For a prescribed history it is possible to determine unique surfaces of constant
creep strain rate. For the zero history, involving a single loading from the
origin to a prescribed point in stress space, surfaces of constant steady state
strain rate, at elevated temperature, have the same shape as room temperature
yield surfaces of moderate offset. In the temperature and small strain regions
considered here, room temperature yield surfaces were found to be unaffected by
elevated temperature deformation. The changes in shape of room temperature yield
surfaces, due to room temperature plastic deformation caused corresponding chanpges
in the elevated temperature surfaces of constant steady state creep rate. At a
given stress point, an outward local motion of the yield surface resulted in a
corresponding outward local motion of the steady state creep rate surfaces. The

experimental determination of surfaces of constant flow potential was also attempted.

Technical Report N00014-67-A-0191-0003/10 to the Office of Naval Research




Introduction

The behavior »f structural metals under combined stress at room temperature
is, in detail, extremely complex. The concepts of a yiefd surface and the norma-
lity relation for plastic strain increments do, however, enable the general charac-
teristics of the material response to be reasonably well understood. At elevated
temperature, time effects dominate and thr details of material behavior are even
more complex. There is no generally accepted elevated temperature equivalent of
room temperature phenomenological plasticity theory. The Odqvist Mises-invariant
form is often taken as providing a reasonably adequate representation for the

secondary creep range of initially isotropic material under constant stress.

This paper presents the results of some fundamental experiments performed on
polycrystalline Aluminum in a temperature range in which pronounced time dependent
behavior is observed. Emphasis is placed on elucidating the effects of prior
combined stressing (loosely phrased, 'history') on material response. The results
of several distinct types of test are presented, including:

(1) the history dependence of primary (i.e. transient) creep,

(2) the history dependence of secondary (i.e. steady state) creep,

(3) the interaction of creep and plastic deformation, and

(4) the existence of 'creep surfaces' (DRUCKER 1968, RABOTNOV 1960) and

'flow potential surfaces' (RICE 1970), as analogs of room temperature

yield surfaces.

Experimental Method

Combined tension and torsion tests were performed on thin wall tubular

specimens of 2024-T81 Aluminum (Fig. 1) at room temperature (23°C) and at 150
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and 250°C, (the nominal metallurgical stabilization temperature for this alloy

is 190°C). The testing machine has been described previously, FINDLEY & GJELSVIK,
(1962) as has the temperature control equipment, BLASS & FI'DLEY (1969). In con-
stant load tests, specimen loads were typically held constant to within $1/20 1b
on a 400 1b base load, using a hydraulic loading system, LAI & FINDLEY (1968).
Specimen temperatures were held constant within $0,3°C over a length of 3 1/2",
centered on the 2" gauge length, by means of an internal quartz lamp and auxi-

liary heating cords on either end of the specimen. Specimen strains were measured

using an extensometer specifically constructed for this investigation, BROWN (1970a);

direct current differential transormers (DCDT's) were used for displacement measure-

ment and in each mode, sensitivity and repeatability were ~ﬂ2*10'61nch/inch while

tension-torsion interactions were less than 0.2% (mode l/mode 2).

Applied loads, specimen deformations and temperature were continuously re-
corded on strip chart recorders, event markers being used to maintain a common
time base. In some tests, a high speed digital data acquisition system was used
to obtain a direct digital record of specimen deformations. Strain rates were de-
termined by numerical differentiation of the strain time records; a smoothing tech-
nique due to LANCZOS (1964) was used in the calculations in order to reduce the

effects of random reading errors.

Experimental Results - Presentation and Discussion

(a) History dependence of primary creep.

One advantage of the continuous recording of specimen deformation is that
it is possible to examine the history dependence of transient creep at times very
soon after loading has been completed. Fips. 2 and 3 show, respectively, the

variations with time of the inelastic strain rate and of the direction of the




instantaneous strain rate vector for the load path shown in the insets to the two
figures, at a test temperature of 250°C, For each load increment, the time origin
is taken at the instant of cessation of loading (determined from the continuous
load-time records). Applied stresses are listed in Table 1 and it may be seen
that the load path consists of a large radial step from the origin to a reference
stress state, followed by the application and removal of load increments in the
radial, toﬁsile and torsional directions. At each load point, the applied loads

were changed before the onset of steady state conditionms.

The initial direction of the primary strain rate vector is strongly dependent
on history (Fig. 3), although an approximately constant value is attained fairly
rapidly. The time dependence of the magnitude of the strain rate vector extends
over a far greater time, Fig. 2*. The curves obtained after partial loading are

all of similar shape, JOHNSON (1951), while those obtained after partial unloading

show no eorresponding shape similarity.

If a 'creep surface' is defined as the surface orthogonal to the current
instantaneous strain rate vector (such surfaces are then equivalent to the flow
potential surfaces of RICE (1970), it follows from Figs. 2 and 3 that these in-
stantaneous surfaces exhibit large changes in orientaticn, particularly in the
time range immediately following a change in the applied s'ress state. The surface

normal (here, the inelastic strain rate vector) shows a laryer rotation in the case

¥ The second invariant, v %’523 525 » is used consistently, to determine

equivalent strain rates.
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of tensile or torsional load increments than for continued radial loading. This

result is in agreement with the predictions of a simple polycrystalline model

BROWN (1970b).

At corresponding times after loading, curves A and B of Fig. 2 apparently
indicate a decreased strain rate with increased load. This phenomenon has been
observed by KENNEDY (1963) in uniaxial tests on lead. The test results presented

in the next section show that at sufficiently large times the strain rate of load

B is larger than that of A.

(b) History dependence of secondary creep.

Relatively few investigatiors have been performed on the history dependence
of steady state creep under biaxial loading and, in general, the tests that have
been performed have involved only continued loading. In the selection of experi-
ments whose results are to be used in the development of & suitably general theory,
it is necessary to consider cases involving unloading as well as large changes in

the direction of the applied stress vector.

Steady state strain rates were determined,at 250°C, at various stress levels
along the relatively complex load paths of Fig. 4. In each case, applied loads
were held constant until the specimen was well into the steady state. The axial
and combined stress levels were the same for all tests, except as noted in Fig. 4.

Each test (typically including ~ 8 stress points) was performed on a new specimen.

The magnitudes of the steady state strain rates at the combined stress points
of Fig. 4 are shown in Fig. 5. There is, in all cases, an increase in steady state

creep strain rates with increasing load point sequence number. This sequence num-

—
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ber provides a qualitative measure of the 'complexity' of the 'load path history'.
The increases in strain rate are not due purely to a time-at-temperature effect,
since in test 6 the specimen was soaked, at the ‘est temperature of 250°C for

4 hours (approximately half the duration of a typical test sequence), before
loading. The increases in strain rate which appear in the earlier tests appear
here also,.but to a much smaller extent. This difference is attributed primarily
to the fact that the load changes in this test were of an incremental magnitude

only, and the basic stress state was not changed appreciably.

Variations in the direction of the applied stress vector appear to be an
important factor in the determination of the effect of path history on steady
state strain rate. In test 4, points U1, 42, Ue4 and U-S were all at the
same equivalent stress* and for this test there is still a large change in steady
state strain rate with increasing 'load path history', as in the other tests of

this set.

(¢) Initial secondary creep surfaces.

The results presented in the previous subsection indicate that 'initial'
steady state creep rates (i.e. strain rates attained in the steady state following
a simplg loading from the zero stress state) are fairly reproducible, while the
steady state strain rates attained after subsequent loading are strongly dependent
on the load path history. For this reason, the following discussion is restricted

to 'initial' surfaces of constant steady state creep rate.

The specimens which were used, were machined from extruded tubing. The

room temperature yield surface (obtained with an inela: tic strain offset of

i The selection of an equivalent stress definition is discussed in the following

subsection, in the consideration of definitions of creep surfaces.

=




...30"‘].0"6 inch/inch, based on the strain invariant -'cij 1:,) was quite

anisotropic and was found to be closely approximated by the ellipse

2 = 1?4 s5.61°
eq
where teq = equivalent stress
L z tensile stress
T = shear stress

Preliminary experiments indicated that the shape of the 'initial' creep sur-
faces would be closer to that of the room temperature yield surface than to that
of a Mises ellipse (ti z £2 + 3T2). Stress points, chosen to lie on Mises
ellipses, close to the torsion axis gave equivalent creep strain rates for greater
than those obtained from points, on the same ellipses, close to the tension axis.
Stress points were therefore selected on ellipses of the same slope as the room

temperature yield surface and specimens were loaded radially from the origin to

the sclected stress level. A new specimen was used for each data point.

Tests were performed at 150°C and 250°C in order to determine surfaces with

-6 -6

nominal equivalent creep strain rates of 100%10 = inch/inch/min. and 10 000%10
inch/inch/min. Stress levels and inelastic strain rate magnitudes and directions
for the low rate surface are given in Table 2, and are plotted in Fig. 6 where it
may be seen that the shape of the room témperature yield surface provides an ex-

cellent approximation to the shape of the elevated temperature ‘'initial' secondary
creep surface. This result is in agreement with the results of ODQVIST (1966) who

used an initially isotropic material (which would give a room temperature yield

surface sirilar in slope tc a Mises surface) and who found that the elevated

.
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temperature surface also was similar in slope to a Mises ellipse. Similar results
were also obtained by STOWELL & GREGORY (1965) although they were not quite so
certain of the initial state of their material. A typical set of curves of equi-
valent strain rate vs time is shown in Fig. 7; these curves are all of similar

shape, in agreement with the observations of JOHNSON (1951).

The results of all tests of this type are summarized in Fig. 8 where it may
be seen that over a wide range of temperatures and strain rates, the 'initial'
steady state strain rate surfaces are of similar shape. These 'initial' creep
surfaces may therefore be predicted from a knowledge of the shape of the room
temperature yield surface and a uniaxial stress-strain rate relation at elevated
temperature. The results of the previous sub-section show that similar conclusions
cannot be drawn for loadings more complex than a simple motion from the origin to

a point in stress space. Steady state creep is not path-independent.

(d) Interaction of creep and plastic deformation.

Investigations of the microstructural mechanisms of inelastic deformation of
Aluminum at elevated temperature,JOHNSON, YOUNG & SCHWOPE (1955), have shown that,
in single crystals, deformation occurs primarily as a result of slip on the slip
systems which are operative at ambient temperature. Some additional systems may
also be operative but in general, the deformation is in the four [110] directions
on each of the three (1lll) planes. Differences between the room and elevated
temperature inelastic deformations appear mainly in the nature of the slip, ele-
vated temperature slip appearing to be much finer than the relatively coarse slip

which occurs at room temperature JOHNSON, YOUNG & SCHWOPE (1955).
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In the literature, it is commonly assumed that total strains may be written
as a sum of elastic, plastic and 'viscous' parts, PERZYNA (1966), implicitly
assuming that there is no interaction between the various components. This sub-
section presents a brief phenomenological investigation of the interaction between

inelastic deformations at room and elevated temperature (i.e. between plastic and

creep deformations).

The similarity in shape of initial creep and initial yield surfaces has
already been discussed. This similarity holds also for creep surfaces determined
after the occurrence of room temperature inelastic deformation+, as shown in Fig, 9
vhere normalized (the same scale factors were used for both tension and torsion
normalization) initial and subsequent yield surfaces are plotted, together with
creep surfaces determined for the two material states. In each set of curves,
there is a shape similarity, indicating a 'complete interaction' between plastic
deformation and creep deformation, in that plastic strains cause corresponding

changes in both yield and creep surfaces+*.

The converse is not valid. Fig. 10 shows data points for yield surfaces
obtained for the virgin state and after both small ( ~ 500%10~° i1./in) and large
(~ 8000 *10’5 in/in) torsional creep strains at elevated temperature; symbols

are identified in Table 3. Torsional strains were selected since the specimens

t  As before, a new specimen was used for 2ach creep data point. For the creep
curves after torsional prestrain, all tubes were subjected to the same room
terperature plastic prestrain prior to the elevated temperature deformation.

The creep surfaces mentioned here are, of course, those obtained after the
plastic deforration which produced the yield surface used for shape comparisons.




had undergone extensive axial deformations during manufacture and it was felt that
if elevated temperature deformation would cause any changes in room temperature
behavior, the maximum changes would be produced by torsion. From Fig. 10 it can
be seen that the scatter between data points obtained from initial specirens does
not differ significantly from the scatter between these points and points cttained
at room temperature after elevated temperature torsional creep deformation. Simi-
lar results were obtained for a test in which creep deformation occurred along a

45° line in [ - T space.

Over the range of creep strains examined here, there appears to be no inter-
action between creep and plastic deformations, in that variations in creep strain

cause no noticeable change in the yield surface.

(e) Flow potential surfaces.

Many of the results already presented can be explained in terms of a flow
potential theory developed by RICE (1970). In this theory, the instantaneous
inelastic strain rate, égj » is given by the partial derivative of the flow poten-
tial 0 (a function of stress and functional of current state), with respect to

the corresponding stress, zij , 1i.e.

P, . 0
ij Ty

In this sub-section, only the experimental determination of flow potential
surfaces will be discussed, the reader being referred elsewhere, RICE (1970),
BROWN (1970b) for a discussion of the theory and its applications. In

the experimental determination of flow potential surfaces at a given state, there
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are two conflicting requirements:

(a) stress excursions must be almost instantaneous, and

(b) stress excursions must be sufficiently slow for measurable inelastic

strains to occur.

The first requirement avoids inertia effects and ensures that excessive inelastic
strains do not occur, while the second ensures that there is some measurabie strain
for subsequent calcuvlations. The equipment which was used, was limited to strain
rates of the order of 12 000"‘10-6 in/in/min and the results presented here were
obtained at approximately this maximum rate. Tests werc performed at constant
strain rate for the tests involving relatively large changes in total strain and

at constant stress rate for the tests involving cnly relatively small changes in

total strain.

The results of the large strain change tests are shown in Fig. 11 where points
on surfaces of constant flow potential are plotted, together with the direction of
the instantaneous inelastic strain rate vector at that point (from the definition
of the flow potential, this vector is also the normal to the surface). A surface
similar in shape to that of the room temperature yield surface is also plotted in
this figure and it may be seen that curves through the points of constant flow
potential would have this same shape. These results are in agreement with the
predictions of RICE (1970) where it is shown that yield surfaces may be regarded

as an extremely close nesting of potential surfaces.

Fig. 12 shows plots of stress vs time and inelastic strain vs time for a
stress cycle superirposed on a steady state tensile strain rate of -100*10'61n/
in/rin. The ridpoint of the curve of inelastic strain vs time shows a slight

deviation from the smooth curve which might be expected. This is due to the fact
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that at the maximum stress level there was a slight delay in decreasing the stress;
this delay was due to the nature of the test equipment being used. With a time
triangular stress-time curve, the inelastic strain would presumably show a smoothly

varying tangent.

The variations in macropotential may be calculated as a function of the stress
change and are plotted in Fig. 13. In this figure, the final value of Q {s
slightly smaller than the initial value, the difference bétween initial and final
values is, however, less than 5% of the maximum value of 2 for the cycle.
Greater accuracy (i.e. a smaller discrepancy between initial and final values of
1) might be obtained with a reduced cycle time, although, since it is not experi-
mentally possible to fix the internal slipped state, the flow potential cannot be

expecied to return precisely to its original value.

It was not possible to examine more than this limited degree of path inde-
pendence, with the equipment available. A more complete examination would, of
course, require the investigation of variations in flow potential over a closed

cycle in stress space.

Conclusions

Transient and steady state creep strain rates have been shown to exhibit a
considerable dependence on load path history. In the transient range, large varia-
tions in the direction of the strain rate vector may occur after a small change
in the applied stress state. In the secondary range, variations in the direction
of the strain rate vector, while maintaining an approximately constant equivalent

stress, were found to cause changes in the steady state strain rate.
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For a prescribed history, it is possible to define unique surfaces of con-
stant creep strain rate. For the zero history, involving a single loading from
the origin to a prescribed point in stress space, the surfaces of constant steady
state strain rate at elevated temperature have the same shape as the room tempera-

ture yield surface.

Room temperature yield surfaces are unaffected by elevated temperature de-

formations, in the temperature and small strain regions considered here.

The changes in the room temperature yield surface caused by room temperature
plastic deformation cause corresponding changes in the elevated temperature surfaces
of constant steady state creep rate. At a given stress point, an outward local

motion of the yield surface results in a corresponding outward local motion of the

steady state creep rate surfaces.

An investigation of macropotential surfaces, over a very limited range,

showed their expected path independence.
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TABLE 1

Symbol Tensile Torsional
Stress Stress
(psi) (psi)

A 11900 9350
B 12450 9750
c 11900 9350
D 12950 9350
E 11900 9350
F 11900 10300
G 11900 9350
H 12450 9750
I 11900 9350
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TABLE 2
Temp. Symbol Tensile Torsional Strain Angle of
°C Stress Stress Rate Normal
(psi) (psi) (ue/min) (deg)
150 G 45000 . 0 72 0
F 38000 8100 61 38
i E 33000 12000 69 56
D 20200 16500 60 6L ‘.
c 15100 19200 63 75
B 6000 19800 73 90~ ]
250 G 24500 0 70 0
E 22500 4500 : 96 42 {
D 16100 7800 68 61
C 11500 9500 77 78
B 3500 10800 76 90
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TABLE 3
Symbol Load Path Tensile Torsional Angle of Creep
Stress Stress Normal Prestrain
(psi) (psi) (degrees) and Temp.
o G 47500 0 0 -
F 39000 9100 54
E 29500 14800 62
D 21300 15800 68
c 14500 17000 83
B 6800 20300 90~
A 1150 22000 90
X G 46500 0 0 -
F 41000 8200 55
E 30000 15000 65
D 21800 16300 72
c 14300 17200 8s
B 6300 2100 90~
A 115 21300 90
+ G 47000 0 0 ~500 ue
F 40000 8500 56 250°C
E 29500 14300 61
D 21500 16200 - 70
c 14400 17000 8y
B 6500 21500 90~
A 115 22150 90
A G 46300 0 0 ~8000 ue
F 40500 8200 55 © 2500C
E 29000 14000 63
D 21300 15800 71
c 14500 16500 85
B 6500 22000 90~
A 115 21000 90

(continued)




TABLE 3 (continued)
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Symbol Load Path Tensile Torsional Angle of Creep
Stress Stress .Normal Prestrain
(psi) (psi) (degrees) and Temp.
0 G 47400 0 0 A8000 ue

F 41000 8200 sS4 150°C

E 29300 14500 62

D 21300 16500 70

c 14200 - 17000 86

B 6500 21800 90~

A 115 20500 90

o sttt
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Figure Captions

Experimental test specimen.

Variations in primary inelastic equivalent strain rate with time: effect

of load path history.

Variations in the angle of the strain rate vector (arctan (F/E)) with
time: effect of load path history.

Load paths for 250°C secondary creep tests.

Steady state inelastic equivalent strain rates for the combined stress

points of Fig. 4.

Data points for the low strain rate surface of Fig. 8.

Variation in equivalent strain rate fo. _ae 150°C points of Fig. 6.
Surfaces of constant steady state inelastic strain rate.

Normalized initial and subsequent surfaces of constant steady state
inelastic strain rate.
Experimental test points for room temperature yield surfaces.

Experimental surfaces of constant macro-potential.

Variations of stress and inelastic strain rate with time for small

tensile stress cycle.

Variations in flow potential for the stress cycle of Fig. 12.
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