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ABSTRACT

Data are reported from 48 hour constant multiaxial
stress creep followed by 48 hour recovery with the
magnitudes of the effective stress ranging from
34.5Mpa(5.00ksi) to 175.5Mpa(25.46ksi). They differed from
a previous data set in the much 1longer constant-stress
durations and the inclusion of data from low stress creep,
compression creep and short term aging tests. Data were
represented by a viscous-viscoelastic model in which the
time-dependent strain was resolved into recoverable and
nonrecoverable components. Previou$ stress~strain relations
for constant stress creep and recovery were modified to
include the current experimental observations of the
nonexistence of creep limits, negligible aging effects, and
symmetry in tension and compression. The time dependence
was represented by a power of time with different exponents
for the recoverable and nonrecoverable components. A
homogeneous function of maximum shear stress was developed
to represent the full range of stress dependence of the
nonrecoverable time dependent components; and the third
order multiple integral representation was used for the

recoverable component.

INTRODUCTION

Past experimental work in creep under multiaxial stress

was reviewed in (1] .
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In previous work at Brown University on 2618-T61 aluminum
alloy [2-5] , a constitutive relation in which the total
strain was decomposed into elastic, time~-independent
plastic, viscoelastic, and the time-dependent nonrecoverable
components was based on a series of short time (2 h),
relatively high stress creep te§ts with different creep and
recovery durations, see [2] . It was reported that there
appeared to be creep limits below which the creep strains
did not occur or were negligible. It was also shown that
the two time-dependent strain components had the same time
dependence and their relative proportion might be taken to

be independent of stress.

In the present work, a series of constant duration creep
and recovery tests were performed whose stress levels were
evenly distributed from those causing little creep strain in
48 hours to those causing tertiary creep in less than one
hour. They were used not only to check the behavior below
the apparent creep 1limits but also to check the
applicability of previous results to longer term primary
creep. Two aging tests were also performed to study the
aging effects within the time span of the tests performed.
And two compression tests were used to compare the creep
behavior in tension and compression, The purposes of
this work were to refine and to extend the
viscous-viscoelastic constitutive relations and to provide a
systematic data basis for other theoretical approches and

for more understanding of multiaxial creep behavior.
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In subsequent papers, data for variable states of stress
will be presented together with predictions based on the
present data using two different types of constitutive

relations with different hardening natures.

MATERIAL AND SPECIMEN

The material employed in the present work was aluminum
forging alloy 2618-T61 which was the same kind of material
as that in previous work [2-6] ., but obtained 14 years
later from the same source, possibly from the same batch.
The chemical composition of the current batch was examined
and compared with that of the o0ld batch. The small

deviations shown in Table 1 may be negligible.

Specimen were thin-walled tubes of circular cross section
machined from 63.5mm dia. extruded rod. The nominal outside
diameter, wall thickness and gage length were 25.4, 1.52 and
101.6mm (1.00, 0.06, and 4.00 in), respectively. A more

complete description of material and specimen is given in

(2] .

EXPERIMENTAL APPARATUS AND PROCEDURES

The combined tension and torsion creep machine used in these
experiments and the procedures for performance and data

acquisation were Jdescribed in [2-7] .

PR Y N VY SOV W Wery . PPN T YUY § o P A o 2




PAGE 4
A compression machine employed in the present work was

described in (8] .

The temperature control and measurment systems were the
same for both machines described in [2-8] ., Except for
aging tests, the specimen was socaked at the test temperature
of 200°C for approximately 18 hours pricr to testing. All
experiments were performed at a test temperature of 200 °C.
The variation of temperature was within * 0.30°C both with

time and position.

EXPERIMENTAL RESULTS

The test numbers and the stress levels under which the
creep steps were performed are shown in Fig. 1. The
magnitudes of the stress levels are given in Talkle 2. Three
Mises stress curves whose magnitudes of effective stress
defined by 92 + 3‘:2 = (oeff)z for combined tension o and
torsion t stresses can be constructed through these stress
points. The magnitudes of the three effective stresses are
109.5Mpa (15.88ksi), 137.2Mpa (19.90ksi), and 175.5Mpa
(25.46ksi), respectively. One Tresca curve defined by
02 + 4:2 = (82.7 MPa)2 [(12.00 ksi)zl can also be constructed
through these stress points. Each combined tension and
torsion test was interrelated with at least one pure axial
creep test and one pure shear test. The test durations were

all 48 hours for both creep and recovery except for test 42

whose creep step only lasted for 36.02 hours with a recovery
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step of 36 hours.

All the creep and recovery data are shown in Fig. 2
through 6 in which symbol A represents pure axial tests;
symbol T represents pure shear tests and symbols CA and CT
represent the axial and the shear strains respectively in

combined tension-torsion tests. Fig. 6 shows that the

effective stress of 175.5 Mpa(25.46ksi) was high enough to

cause tertiary creep in less than one hour.

ANALYSIS OF THE CREEP AND  RECOVERY DATA

In the viscous-viscoelastic model, the total strain was
decomposed into elastic(eE ), plastic(eP )}, viscoelastic
(eVE ), and time-~dependent nonrecoverable(gv ) components.
These components were ‘taken to be independent of each other

and additive.

In current work, the total strain eij was well
represented by the expression:

e.. =€, + e N (1)

where t is time and e;j and e;j are stress dependent. The
time dependence in this expression was satisfactory for

representing the primary stage of creep.

Considering both the time-dependent strain components eVE

and eV to be represented by power functions of time with

differe *r stcr dependences, the total strain during crrep
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was expressed as:
n n
€.. = eF. + a?. + efYEt 1 + efYt 2 . (2)
1) 1) 1) 1) 1)
The strain during recovery from creep at constant stress
for time t was the following according to the

1
superposition principle,

n n
- SVE, .1 _ . 1
‘ij = Aij + eij (t (t-t)) }, (3)
+V n2 P
where Aij is equal ¢to eijtl + eij o t; 1s the creep

v

duration, and ¢ is by definition not recoverable.

The elastic strain during load removal was

E 2E, M
®ij T Cijler, Ay TSyt 4)

where the first term came from the creep data and the last

two terms were obtained from the recovery data.

In order to obtain the most accurate values of the
instantaneous responses upon loading and unloading, only the
first two hours of creep and recovery data were used to
compute :;j in equation (1) and efj in equation (4). For
test 42, only the data within 0.808 hours was used. The
results are shown in Table 2 and the instantaneous responses
are plotted in Fig.7 except for the value of efj for test
42 which was erratic. The average values of N and n, in
Table 2 are 0.301 and 0.229 respectively.

The data distribution shown in Fig.7 is nearly linear

which implies that time-independent plastic strain
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components are small or zero. Neglecting tests 40 and 42

because of their deviations in e?. and e;j , the inverse

1)
slopes of the best fitting straight lines yield the elastic
moduli for tension E and for torsion G of 6.50x104 Mpa
(9.43 x 10° ksi) and  2.38x10' Mpa (3.45 x 10 ks1)
respectively, which are consistent with previous findings

2] .

. . \Y
The recoverable viscoelastic component € E was

determined from the recoverable data by using Egq.3.
Neglecting tests 40 and 42, the time exponent n, was found
to be independent of stress, as in [2] , and the average
value was ny =0.223, see Table 3. This wvalue of n, was

nearly the same (0.244) as previously determined [2] .

To determine the nonrecoverable time-dependent components

ev , the recoverable strain eVE was first substracted from

the creep data wusing the relation E‘If = e;‘j,EtO'zzs

Before calculating the ev components, the data in the

secondary and tertiary stages were first eliminated because
these stages were not described by Eq. 1. The cut-off point

for primary creep was taken to correspond to a shear strain
V'

of the ¢ component equal to 0.0B percent. The shear

strain of ev under combined tension and torsion stress

states was defined by [((3/4)5\{1)2 + (»:‘{2)2];s with
v

incompressibility of eij and coincidence of the strain rate
direction with the stress deviator assumed, as discussed in

a later section. The cut-off times corresponding to this
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. criterion are given in the note for Table 3. The criterion
3} resulted from the following considerations: Since Eqg.(3)
could describe very well the whole recovery data even for
;; those tests in which secondary and tertiary stages showed
b up, see Fig. S5 and 6, it appeared that ev dominated in

these stages. So the criterion was based only on cv .

The creep data in the primary stage, after substracting
EVE were used in Eq.2 to determine Elg and n, , see Table

3. The exponent n, was found to be independent of stress,

2
as in [2] , and to have an average value of 0.496.

The primary creep data were also fitted by Eg.l to obtain
e;j and N, see Table 3. The average N was found to be
0.407. The results obtained through the above procedures
are plotted in Fig. 2-6 in which Egq. (2) and (3) are
represented by solid 1lines for creep and recovery data

respectively and Eq. (1) is represented by dotted lines for

creep data only.

Unlike results in previous work {2], the values of n,
and n, were found to be different, even though both were
independent of stress. Contrary to the results for 304
stainless steel [9,10] , increasing the time period of
creep data employed in analysis had the effect of increasing
the time exponents; compare the values of N in Table 2 with
those in Table 3. However, the value of nl(recoverable)
was nearly independent of the time duration of data

employed, n1=0.229 and 0.223 for 2 and 48  hours

P—— T — . T T W W W e T e T L T
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respectively. The exponent n was independent of stress

2
even for the primary part of tests which subsequently showed
secondary and tertiary stages. The value of n, may be
satisfactory for the entire primary stage (generally more
than 48 hours for low stress tests) as long as aging effects

are negligible,

The small differences between the instantaneous responses
determined@ from 2 hours and 48 hours of data for a few high
stress tests will be neglected in the subsequent analysis,
and the values obtained from 2 hours of data will be used.
This will cause small discrepancies between the experimental
data and the theretical predictions at the very beginning of

a few high stress tests.

SYMMETRY IN TENSION AND COMPRESSION

Only a few data, see [11] pages 257-261, have been
published for compression creep. These data showed that
short term creep is symmetrical in tension and compression.
Comparing the curves for tests 32 and 37, 39 and 44, also
the corresponding values of g;j . C;gE and e;g in Table
3, shows that the total creep strains are close to each
other in tension and compression throughout the test
durations (the compression strains are some what greater
than the tension). The viscoelastic components of strain
eVE

in tensicin are a 1little higher than those in

compression which results in larger strain for the .V

PRI S S U . PRURI e



3

Ty A 4 r’v_‘ v

—

PAGE 10
component in tension. This may be the true material
behavior. However, because the differences did not increase
with stress and the proportion of the viscoelastic component
in the total strain is small, the differences will be
neglected. This will induce deviations between the
experimental data and theoretical predictions of about, 10%

for th and 5% for ev in the viscous-viscoelastic model,

Symmetry is not expected through the secondary and tertiary

stages for constant load creep tests, see [l11] , p258.

AGING EFFECTS

Two aging tests were performed in the current work. The
pre-test soaking durations were 312 hours and 114 hours for
tests 35 and 43 respectively. The whole test durations for
nearly all the tests performed in_the current research are

within this range.

Comparing test 35 (aged 312 h) with test 32 (aged 18h) at
the same stress; and test 43 (aged 114 h) with test 39 (aged
18 h) at the same stress show that there are no significant
aging effects within 300 hours. However, a previous test
reported in [2] showed that aging for 1103 hours had a

considerable softening effect.

CREEP RATES AND CREEP SURFACES

A widely used representation for the multiaxial primary
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creep rate is

. ' m
€44 " Fa(JZ)oijt (5)

where a;j is the stress deviator and J2 is the second
invariant of the stress deviator, see [12,13] . This
expression implies that the creep deformation is
incompressible and the creep °“rate tensor has the same
direction as the applied stress deviator, that is, normal to
the Mises surface. Furthermore, taking squares of both
2m

: 2 .t
1jeij - [Fa(JZ)] (%oijoij)t , where

!‘°{j°ij = (Jz)z. Thus the magnitude of the strain rate

tensor defined by (15;.

sides of (5) yields ¢

ij;u)k is constant along a Mises stress
surface at a given time. 1In previous work [6,14,15] , the
creep surface was defined as the stress surface for which
creep rate tensors had equal magnitudes following creep for
a given time at constant stress. If eq. (5) is true for any
given stress states, it implies that the creep surface may
be represented by a Mises stress surface and the material
hardens isotropically. This follows from the fact that
creep under the given stress state reduces the strain rate
for any other state of stress in an isotropic fashion since

the magnitude of the strain rate tensor (4 )* is

cijcij
constant at a given time along a J2 curve . A strain
hardening model can be obtained by expressing t in terms of

the accumulated effective strain as discussed in [13] .

The creep surface may be related to the state variable

theories, the flow rules of most of which were expressed as:
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:u ¢ ' 6
- o' - vy - i

o where :13 cij oy J, is the second invariant of zij ’

and K and °ij are the scalar and the tensorial state
variables respectively. These flow rules imply that the

strain rate tensor has the same direction as zij and the

creep surface defined by constant strain rate magnitude can

be represented by Jé = constant,

Anisotropic creep surfaces may be introduced by (6).
Since aij defines the center of the creep surface, nonzero
values of °ij result in kinematic movement of the creep
surface. Furthermore, squaring both sides of (6) yields

G545

constant Ji

!i’ . L} k- [] [}
) [Fb(Jz.K)](*siuiij) F,(J,,K)J; . Thus surfaces of
and K imply constant magnitudes of strain rate

tensors.

Although it is quite impossible to draw any conclusion
about the hardening natures of the material from constant
stress creep data, Eq. (5) can be evaluated by comparing the
creep rates of different creep tests whose stress levels are
equated by the Mises relation. According to EQq.(5), the
ratio éuléu should equal 2//3 for a pure axial creep
test and the corresponding pure shear test whose stress
levels lie on the same Mises surface. However, a comparison
of the values of ¢, and ¢’

ij ij
shear tests on the same Mises curve showed that none of

in Table 3 for the axial and

these data satisfied this requirement. They actually showed
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the opposite tendencies, i.e., shear creep rates were higher
than axial creep rates. The data for 304 stainless steel

also showed the same thing |9,10,14] .

To eliminate this disagreement, lﬁ(Jz) in Eq.5 was

replaced by Fc as a function of maximum shear stress

T r
max

® m
= F ! 7
Eij ([ )Uijt . ( )

Equation (7) shows that vectors €;; and 9i; have the
same directions, which 1is normal to a Mises surface.
Taking the maximum of the shear stress on the right-hand
side of (7) and the maximum of the shear strain rate on the
left-hand side shows that the maximum shear strain rates are
a function of the maximum shear stress and time only. Thus
at any given time the maximum shear strain rates are
constant along a Tresca curve. Here the magnitude of the
strain rate is defined by the maximum shear strain rate,
which in this case is [((3/4)&11)2 N éfzj;‘ for combined
tension and torsion. If Eq. (7) is true for any given state
of stress, it implies that a creep surface defined by
normality of the strain rate vector is not the same as that
defined by constant strain rate magnitudes, as discussed in
(15) . Furthermore, the rate ratio élllélz for a pure
axial creep test and a pure shear test whose stress levels
are the same according to the Tresca relation should be

+V +

4/3. Comparing the values of cij and eij of tests 29
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(pure torsion) with those of test 24 (pure tension) which
are on the same Tresca curve, see Fig.l, yields ratios which
are almost exactly 4/3, i.e., 1.295 for :;g and 1.33 for

el respectively. A subsequent section will show that the

ij
Tresca relation can describe the whole set of constant
stress creep data quite well . This implies that the strain
rate magnitudes defined by maximum shear rate are the same
at any given time for those creep tests whose stress levels
are given by the same Tresca relation. A disadvantage of

the Tresca type of expression is that it cannot be derived

from a potential theory.

It should be noticed that neither (5) nor (7) can specify
exactly the initial creep surface because the initial creep
rate is very rapid, infinite as described by the power of
time. Also their agreement with constant stress creep data
does not guarantee that the material has an isotropic
hardening nature. Other more complicated stress histories
such as nonproportional loadings are necessary for this
determination. However, the degree of agreement of (5) and
(7) with data does give some indications of the suitability
of using a Mises or Tresca relation to extend the
constitutive relations from uniaxial to multiaxial stress

states.

THE STRESS DEPENDENCE OF EVE AND ev

In previous work [2-5] , the stress dependences of the

- PPNy PPN ORI Dy W G- T S g e P o PO W S
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time-dependent components were represented by a third order
multiple integral representation combined with creep limits
below which creep does not occur or is negligible. However,
the current data at stresses as low as 34.5Mpa(5.00ksi)
shows that there is creep below the transition previously
célled a creep limit. Also, t@e creep behavior below the
apparent creep limits is very nearly linear. Therefore, in

the following analysis, no creep limits will be included.

The third order multiple integral representation yields
the following expressions [2] for the stress-dependent
;YEand ezgﬁunder constant combined tension

and torsion stress, i.e.,

coefficients ¢

“VE_ _+ + 2 + 3 + 2 + 2

€ = Flo + cm + F3° + Fjot” + Fst , (8)
+VE + + 3 + + 2

€2 * Glt + Gzr + Gsot + G4o T, (9)

where FI and G; are constants.

Because of symmetry in tension versus compression, p;

and c; are zero. Also, F; is zero since there occured

negligible axial creep strain during pure shear creep tests
except for test 42 in which a small amount of axial strain
was detected in the tertiary stage, which might be due to

the large deformation in shear.

By use of the least squares, the values of p; ' F; and

+ + . s
G were determined from pure tension and pure

G, + Gy
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torsion test data respectively. Then the values of F; and

G were determined from combined tension and torsion data.

4
The details of these procedures can be found in ([2,16] .
The constants for ¢''C determined through these procedures

are shown in Table 4, Expressions (8) and (9) are
represented by solid lines for pure axial and pure shear

tests and dotted lines for combined tension and torsion

tests in Fig. 8.

However, it was found that the coeficients for the gv

component (c*v ) were not well described by equations like

(8) and (9). Apparently terms of higher order than these

would be required to describe the stress dependence of ev ’

which would be impractical. 1In experimental results for 304
stainless steel [9,10] , the data were separated into
linear and nonlinear regions to deal with this situation.
Here, because of the agreements with tests 24 and 29 as

discussed in previous section, Eq.(7) was employed to

\'}
represent the eV component. Under constant stress, € can

then be expressed by

v n
eij = F(rmax)a{jt , (10)

where Tnax is the maximum shear stress, is the stress

'-
01]

deviator and F(%mxyqj represents the stress dependence of
c;g . The incompressibility of ‘Xj is a corollary of this
expression.

For combined tension ¢ and torsion ¢ stress states,

°ij is equal to zero except for °il = (2/3)o ’

l e ——————— T A—‘L*Q
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PAGE 17
°52 = 053 = (-1/3)0 10)p =0y =1 . Also Thax is equal
to [(a/2)2-f12]% . To check the validity of equation (10),
‘;‘J{(i" Table 3)/°i'j was plotted versus T . also
c;j(in Table 3)/0{3. was plotted versus fmax for a

possible viscoplastic approach. These plots are shown in
F{g. 9 as the lower and the upper data sets respectively.
Even though there seemed to be some deviations for combined
tension and torsion tests, the data showed a homogeneoué

relationship in F(x ) . On the other hand, if Eq. 5 was

max
employed, then F(Tmax) in Eg. 10 should be replaced by
F(Jz) . A plot of c;j/oij vs J2 would show the

invalidity of this expression. For example, tests T26 and
A32 are on the same Mises curve, see Fig.l . Two other
pairs T38 and A39, T42 and A40 are also on the same Mises
curves. However, their values are not the same as required
by F as a function of Jz . They are far apart as may be

observed in Fig. 9.

The functions F(1__.) were found to represent the data

max

best using the following expressions :

+v

for eij R

F(rmax) = 3,616 x 10-5 x {1 + 0.3914 x exp [2.108 x 10S x (tmax/G)zl} ,

percent per MPa - hr0-496 (11)
+
and for tij .
-5
P(r,, ) = 6.219 x 107> x {1 + 0.6433 x exp [1.633 x 10° x (:m/c)zl} .
4
percent per MPs - he?-407 . 12)
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where G is the shear modulus determined in a previous
section. Eg. 11 and 12 are shown respectively as the lower

and the upper solid lines in Fig. 9.

If the exponential term in (11) or (12) is expanded in a
Taylor series and multiplied by oij » the first two terms of
Eq. (11) or (12) reduce to the same form as (8) and (9) with
Fzs F;= Gga-o . However, in this case, the coefficients for
eIY and e;g are not independent of each other because

incompressibility was assumed in Eq. 9.

+V .

The stress dependences of eij represented by F(tmax)aij
are shown in Fig. 10 as the solid lines for pure axial and
pure shear tests and as dotted lines for combined tension
and torsion tests. The agreement with the test data are

quite good.

CONCLUSIONS

48 hour creep and recovery data over a wide range of
multiaxial stress states showed that creep limits did not
exist and that aging effects were negligible up to 300
hours. The time dependence was resolved into recoverable
and nonrecoverable components having different time
dependences and stress dependences. A third order
polynomial in stress was found inadequate to describe the
stress dependence of the nonrecoverable component. Creep

was symmetrical in tension versus compression. The strain

o e e P~ = e =




ek

e

T——p—

T
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rate magnitudes defined by maximum shear rate are the same

at any given time for those creep tests whose stress levels

are the same according to the Tresca relation. The creep

behavior at low stresses, which can closely be approximated

by a linear relationship, is different from that at high

stress.

The stress-strain relations for constant stress creep
recovery empolyed the modified superposition principle
the recoverable component of strain and a function of
maximum shear stress multiplied by the stress deviator
the nonrecoverable component of strain. A function of
second invariant of the stress deviator (Mises relation)

not applicable.
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= Table 1: Chemical Compositions of the Previous and the
_G Current Lots of 2618-T61 Aluminum Alloy

N

- Composition

! wt. percent Cu Fe Mg Ni Ti Si Mn
3 previous 2.2 1.1 1.6 1.05 | 0.07

- current 2.2 | 0.99 [ 1.55 | 1.38 | 0.06 | 0.27 | 0.07
v

e PP P
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Table 4: Cénstants for Eq. (7) and (8)

b F} 4.634 x 10~7, per Mpa-h"l 3.195 x 10-6, per ksi-h"l
?E‘ F} 1.964 x 10~11, per Mpa3-n"l | 6.437 x 1079, per ksi3-n"l
ﬁC F} 1.156 x 10710, per Mpa3-n"l | 3.789 x 1078, per ksi3-p"l
3] 6} 5.938 x 1077, per MPa-h"l 4.094 x 10-6, per ksi-h"l
:i c} 1.261 x 10-10, per MPa3-h"! | 4.133 x 10-8, per ksi3-n"l
?" G} 3.542 x 10"11, per MPa3-n"l | 1.161 x 10~8, per ksi3-n"l

Note: Ft =Fft =¢

+ = =
3= Ft =0} =0, n = 0.223
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FIGURE CAPTIONS

Fig.l : Test numbers and stress surfaces

Fig.2 : Creep strains versus time. Solid lines are Eq.(2);
dotted lines are Eg.(l). Numbers identify the tests listed

in Table 2 with stress values.

Fig.3 : Recovery strains versus time. Solid lines are
Eg.(3). Numbers identify the tests listed in Table 2 with

stress values.

Fig.4 : Creep strains versus time. Solid lines are Eq.(2);
dotted lines are Eq.(l). Numbers identify the tests listed

in Table 2 with stress values.

Fig.5 : Recovery strains versus time. Solid 1lines are
Eg.(3). Numbers identify the tests listed in Table 2 with

stress values.

Fig.6 : Creep and recovery strains versus time for tests 40
and 42; Solid 1lines are Eq.(2) for creep, Eq.(3) for
recovery; dotted lines are Eq.(l). Numbers identify the

tests listed in Table 2 with stress values.

E

Fig.7 : 513 and €53 in Table 2 versus stress.
Fig.8 : c;!E versus stress. Solid lines and dotted lines

represent the multiple integral representations with the

constants shown in Table 4.

* ’v ' + L}
Fig.9 : ‘ijlcij and eij/oij versus maximum shear stress.
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The upper and the lower solid lines represent Eq. (12) and

(11) respectively.

Fig.10 : e:} versus stress. The solid lines and the dotted
lines represent F(Tmax)"ij with F(z ) expressed by

Egq. (1l1)




(ISM) HdW NI SS3HLS HIXH L
L (*S2)  ("02)  (°S1) ("o (°S) (*0) (°S-) (°0I-) (°SI-) (°02-) (°S2-)
"h'2L1 6°LET h°€01 6°89 S°hE 0°0C S°hE- 6°89- h'E€OI~- 6°LEI- h°2LI-

SeL 8y (hny

v,

NS
(en}| {se)

L] Ld L L] — L J L v v ‘ L

{1c}® HIS3YL

PAGE 28

S3SIW

S3SIN

("S1)
h €01
(ISM) HdW NI SS3H1S HH3IHS

PPN SN







PAGE 30

0.085
CAUS

STRAIN,PER CENT
%)
D
w
o

I DR * Aos 73
0.02 L -
CI30
CTaom —- e
128 | G P T .:i
M _,_8..3.3_._1
—00— . 2
5 .
0.00 Lo suss L s s s 2210 T P Lt a2 a2 s s s a2
A33 0 8 16 2u 32 uo 48
Fig. 3 TIME, HOBURS




STRAIN,PER CENT

0.30 |
T38 ¢

0.30
A39 ¢
AY3
Auy

16

24
TIME, HOURS

32

PAGE 31

-
-
-
-
-
-
-
-

uo




PAGE 32

STRAIN,PER CENT

A37 (COMP.)

0 8 16 24 32 4o 48
Flg. 3 TIME, HOURS




0.45
Ty2

''''''

2

c]
RECOVERY g,
CREEP l—q_y

(C]
T |

IR e e e e e i e e B ]
-

8 16 oy 32 40 ug




INSTANTANEQGUS STRAINS,PERCENT

0.30

0.25%

0.20

0.15

6.10

0.05

0.00

PAGE 34

| @X¢ PURE AXIAL STRESS TESTS

[ A:Z: PURE SHERR TESTS

[ +:Y: COMBINED TESTS (RXIAL)

XXy COMBINED TESTS (SHERR)

| ®;%: AGING TESTS

| +:X: COMPRESSION TESTS

| WHERE:

| THE FIRST SYMBOL: CREEP DATA

| THE SECOND SYMBOL: RECOVERY DATA

Q
EQ/
%)

T T T T T ) T T T T T T T T T L] T T T

A

]

4

l 1 I I ' 't | . l A a2 _ A l Y N | A l g’ ]

0.0 27.9 55.9 83.8 111.8 139.7 167.6
0.) (4.) (8.) (t2.) (16.) 2o.) u.)

STRESS, MPA (KSI)

Fig. 7




Caue Au Aaary

0.030

0.025

0.020

0.015

*VE PERCENT/HRM

y 0.010

0.005

0.000

PAGE 35

L 4 L L) l L1 L § v l L) L4 LJ l L 4 L T ' Ll L LS l 1 3 L T l ¥
| © 1 PURE AXIAL STRESS TESTS ]
| & : PURE SHEAR TESTS ]
| + : COMBINED TESTS (RXIAL) ]
[ X : COMBINED TESTS (SHEAR) ]
[ © : AGING TESTS ]
T 4 : COMPRESSION TESTS ]
r— -
i (RGING) g )
i 4 ]
- SHEAR 1
B HXIHL 4 (COMP.) |
/ .
i % s 9 y
I A AGING) )
: s P J
! - +(COMP.) 4
a/ +
_ P -
| X - ]
" o‘-"’p“ [u] -
4 A 1 N s 2 1 1 1 4 | " " 1 | Y 2 " 1 3 ' 2 1 M
0.0 27.6 55.2 82.7 110.3 137.9 165.5
0.) 4.) (8.) (12.) (16.) 2o.) Gy.)

STRESS,MPA (KSI)

Fig. 8




e

.

k

E PAGE 36

g (x10~4)

}c —_ 9.282 L) L] v k] ' T L L) L l 1§ L L) ¥ l LS A L4 R T L ¥ L] v I v v T L
x [ ® « PURE AXIAL STRESS TESTS The |
= [ & : PURE SHEAR TESTS M
. | + : COMBINED TESTS (AXIAL) ]

b % 8.122 L X 1 COMBINED TESTS (SHERR) I
T | ® & AGING TESTS P

[ Ny | 4 : COMPRESSION TESTS Do
- | WHERE; r

L Z [ «*V: SOLID LINE .

}' ') 6.962 _€+ s+ DOTTED LINE ,' _

3 o !

. wJ g ] 4
[ a. L ! 4
- !

- !

S - i 1 T
} — 1 / J
& Z 5,801 | P
r L !
< Z - -
- (] | B
. o ’
] = - j :
D 3 / .
» O y.eu1 | / -
o 3 / 4
O 3 nqollo o
— /
@ - / 4
— s ! -
-~ /
o, 3.us1 L cm: / .
o A CRUS, .
" i (COMP.)AUY X A T38 ]
¢ I (AGING) AY3 ]
ul i A39 4+ !
e o 4
5 T c1ag A37(COMP.) T26 7 .
- A s E
~ [ Chgo P35 (ACING) . .
- g T29 ;
& e i +
4 - 4
1.160 | € A33 & i
g - —————— U i (31-25 J
+
S = ]
- i © © T
Y " -
0.000 i A A ' | n i i : 1 L 1 n 4. 1 ' A 4 'y 1 A ' L A 1 Y A -
0.0 17.2 34.5 51.7 68.9 B6.2 103.4
(0.0) @.s) (5.0) (7.5) (10.0) (12.5) (15.0)

MAXIMUM SHEARR STRESS,MPA (KST)

Fig. 9




«*V  PERCENT/HR®

0.07

0.08

0.0S

0.04

0.03

0.02

0. 01

0.00

PURE RAXIAL STRESS TESTS
PURE SHERR TESTS ‘
COMBINED TESTS (RXIAL)
COMBINED TESTS (SHERR)
AGING TESTS
COMPRESSION TESTS

STRESS, MPA (KS1I)




B

k|
3
i
E
3
1
3

[

F dged,




