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EFFECTS OF STATE RECOVERY ON CREEP BUCKLING UNDER VARIABLE LOADING

D. N. Robinson*
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b | ABSTRACT

Structural alloys embody internal mechanisms that allow recovery of
state with varying stress and elevated temperature, i.e., they can return to .-
a softer state following periods of hardening. Such material behavior is
known to strongly influence structural response under some important ther-
momechanical loadings, for example that involving thermal ratchetting.

Here, we investigate the influence of dynamic and thermal recovery on the
creep buckling of a column under variable loading. The column is taken as

. the idealized (Shanley) sandwich column. The constitutive model, unlike the
commonly employed Norton creep model, incorporates a representation of both
~dynamic and thermal (state) recovery. The material parameters of the con-
““stitutive model are chosen to characterize Narloy Z, a representative copper
alloy used in thrust nozzle liners of reusable rocket engines. Variable
loading histories include rapid cyclic unloading/reloading sequences and in-
termittent reductions of load for extended periods of time; these are super-
‘imposed on a constant load. The calculated results show that state recovery
significantly affects creep buckling under variable loading. Failure to
account for state recovery in the constitutive relations can lead to noncon-
servative predictions of the critical creep buckling time.
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Ohio, 44325 and NASA Lewis Research Center.

*¥"Graduate Student, Department of Civil Engineering University,
. University of Akron, Akron, Ohio 44325. 4



INTRODUCTION
The influence of dynamic and thermal recovery on the high temperature
behavior of structural alloys is well recognized [1,2] (sée'Figs. l.and 2).
For.g§amp]e, recqvery'is-believed foip}ay‘a\major role in one of the central
 §£#§§fur§]fb;obiém§ re]atfng to']iq&§d;mgf§1 6réédgr'react6r design; the
"pﬁébjé@{éf'therma}_ratghetting;;1Failuﬁe;£6.qc;ognt'forﬁféchéry effécysvin

:TStrﬁéthf§1”§ﬁé19§¢s'involvjng'fepéatedfthefﬁgT”transients"hgs been shown to

" give qualitatively incorrect and nonconservative predictions of ratchetting

in éaégjinétgq¢éé [31. Specia] prqyiéipﬁsuforTﬁaking;récdyéﬁy into account
»I(é;gi,iﬁhejsd”caijéd éf:kesef'pfpégddré)3[411are“qow”fiqding“theif wéy_into
’fddggmqugffdrlgﬁfding Stfu¢tUran5anjsi§;in fﬁgiU.S.”nGC]ear industry. The
. éfﬁét;é,df thérmé]lrat;heffing:hEVe,éTééi@eenVGbﬁerV¢d"iﬁﬂthfugﬁ nozzle
liners of reusab1é‘chket engines. |

A second area in which recovery effects are thought to play a primary
role, and one that impacts essentially all high temperature system design,
is that of creep crack growth under creep/fatigue (variable stress) condi-
tions. Creep (state) recovery is believed to be one of the main causes of
acceleration of crack growtﬁ in the creep regime and under variable loads.
A study by Kubo [5], using the same constitutive relations [2,6] employed in
the present work, has shown that the experimentally observed acceleration of
creep cracks under yariab]e stress can be predicted throdgh the inc]dsion of
~appropriate mechanisms of recovery in the'éonstitutive relations.
In this papér we discuss a third\érea_pf méchanics'in which recovery is -

expected to have significant influence, that is the problém of creep buck-

1ing under variable loading. The presence of mechanisms of recovery



can allow creep strain rates to increase fo]]oying periodé of hardening and
“thus cause acceleration of creep buckling. Load reversals may-bé accompanied
by djﬁamft recovery as in Fig. 1 and load reductions by thermal recovery as
ih‘Figf-Z; in either case, creep rates are increased upbn re]oéding, tending
to reduce the critical time to buckling.

"In the vast majority of creep buckling ﬁtudies the constitutive model
uSed'hés been of the Norton type [7-9] in which the (steady state) creep
rate is taken as a function of stress and temperature alone. Some investi-
gations have made use of hardening theories [10-12] that include a primary
creep phase. Howevef, these theories do not generally allpw for inelastic

state recovery and, consequently, for rejuvenation of primafy creep. These

constitutive theories are adequate in the case of constant 1oading but may
" significantly over predict the time to buckling under certain types of vari-
able loading.

-~ ‘Here, we examine the elevated temperature creep buck]ihg problem under
variable loading using the simple Shan]ey model [13] of a column but with a
constitutive model [2,6] that embodies a repfesentation of both dynamic and
thermal recoverj} ~The constitutive model is that developed.principally by
Robinson at Oak Ridge’National Laboratory and NASA Lewis Research Center
and, as indicated_ear]iér, was that used tn the-studie5~concerning creep
crack growth by Kubo. |

The present study was motivated partly by the occurence of what appears
to be 106a1 ratchetting-buckling failures in the throat ]iher of the main
thrust nozzles of reusable rocket engines, notably the NASA Space Shuttle
main engine. For that reason the material parameters used in the constitu-
tive equations are chosen to represent a copper alloy, Narloy - Z, which is

typical of materials used in rocket engine thrust nozzlie liners.
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| we sha]] f1rst state the constxtut1ve model and, secondly, spec1fy the
_ geometry of the Shanley co]umn mode] We then 1nvest1gate creep buckJ1ng
J;behav1or under constant loadxng, cyc11c loadxng which 1nc1udes re]at1ve1y
rap1d 1oad reduct1ons and reversals (dynam1c recovery) and cyclic loading
which 1nc1udes 1nterm1ttent reductions of load for extended per1ods of time
(therma] recovery) ' Some of the ca]cu1at1ons are repeated for compar1son
us1ng a rough]y equ1va1ent Norton type creep model. A dwscuss1on is g1ven
of some phy51ca1 aspects associated with the const1tut1ve model and the re-

su]ts and flnally, we state the conc]us1ons drawn from the study.

‘ » - THE CONSTITUTIVE THEORY
. As 1nd1cated ear]1er we. make use of the const1tut1ve law reported in
.[2 6] where a comp]ete mu1t1ax1a1 statement of the model is given. Here
'we state the mode] in un1ax1a] terms together with the correspond1ng para-

'meter va]ues appropr1ate for the copper a]loy Narloy- Z

Flow Taw: -~

n. : . . -
~ “AF sgn{o-a) ; F > 0 and o(o-a) > O ) ’
p n _ ' - (1)

0 3 F<OorF >0 and ofo-a)<0

~Evolutionary law:
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in which. = F = o-a)" | - (3)
n N . .
and A= 1.60 x 10-8
‘n= 4§
m= 8.73

8 = 1.07 x 1076 (T2) + 1.60
k2 = 209.6 - 0.20 (1)

H= 1.46 x 107

R = 1.06 x 1077
ag = 0.2

'ép‘indicates the inelastic strain rate in h-! and o the applied uniax- -
"ial stress in.MPa. In the general form of the theory, « (MPa) is a Bingham-
'Pfégef'threshold stress playing the role of a scalar state variable, here it
is taken to have-the_tonstant value given above. For present purposes,

a (MPa) is-the single inelastic state variable. It represents the uniaxial

compohenf:of a tensorial state variable (internal stress) that appears in
the multiaxial fdrmu]ation of the theory. ag is the minihum attainable
“value of |«| and p]éys a primary role in the representation bf dynamic re-
60véry (see Discuséion). The remaining parameters, in some cases functfons
of temperature (T),:are consistent with the units MPa, h and degrees Kelvin.
The'elastic response is characterized by a linearly temperafure dependent

Young's modulus E (MPa) given by

E =1.47 x 10° - 70.5 (T) ‘ (5)



Eantions (1-4) incorporate both'dynamic and thermal recovery and therefore
are capable of predieting the type of behavior illustrated in Figs. (l)tand
(2). |

~ The parameter values for Narloy - Z were determined from uniaxial ten-
sile and stress relaxation test data. As the complete data base norma]]y.
required to_characterize,a particular alloy using the present constitutive
" theory was not available the tensile and'relaxation data had to be consider-
ed sufficient.

Tensile data were found [14] over a wide temperature range (~30-811K)
but at only a single strain rate 0.002/s. Limited stress relaxation data |
[15] were found‘atvthe‘temperature 811K (1000F); these were used in the

}absence of creep data The most serious data deficiency in the present
"context concerns the lack of tests giving a direct measurement of recovery
 »effects, i, 1€ tests such as stra1n or stress trans1ent d1p tests or open
1oop cyctlc tests 1nvo]v1ng part1a1 stress reversals. Nevertheless, it is
Inbe11eved that the mater1a1 character1zat1on is adequate for a reasonably
quant1tat1ve study of creep buck11ng behav1or under var1ab1e stress

F1gure 3 shows a comparlson of the tensile data with predlct1ons based
on'equat1ons (1) - (4) F1gure 4 g1ves a similar comparlson of typ1ca1 re-
_ laxatlon responses with a pred1ct1on Ne1ther figure is intended as a
:demonstrat1on of the pred1ct1ve capability of the constitutive model but
551mp]y as an assessment of the correlation with ex1st1ng data. The predic-
t1ve capab1]1ty of the const1tut1ve theory has been adequately demonstrated

relative to other alloys in earlier publications [2,6].



THE SHANLEY COLUMN

The column model adopted here is the sandﬁich idealization introduced
by Shanley [13] and used by Kachanov [16] and others. The éo]umn geometry
is indicated in Fig. 5. Al of.the deformation is presumed to occur in the
'slender bar elements 1 and 2 of length h and cross sectional area A/2. The
remainder- of thé column of length L (L>>h) remains rigid. -The width of the
column, i.e., the distance separating bars 1 and 2, is also taken as h.

| The column is loaded by a time dependent load P(t) (shown positive);
. the lateral displacement of the load point at any time is denoted by u(t).
The stress and toté] strain in bars 1 and 2 are denoted by o1, o7 and
e} = éi/h and e, = 85/h, respectively. .

Equilibrium requires that

Q
+
Q

n

20, . (6)
- and

4a u _
G, -0, = ‘ (7)

where oy = P/A.

Differentiation with respect to time provides the.rate form of the
equilibrium equations,
o ‘+$1=2&0 o (8)
and

. - _ 4u - u '
0 =91 = TRty § (9)

From geometrical considerations (Fig. 5) the compatfbility condition

s obtained as



= a0
CLor
' : . o u-~-u o
o . | . el - e2 ‘l L . " o . (11)

", in which ug is.the initial displacement (imperfection). The rate form of .

. 'the compatibility relation,is
R . =
e.1 -.ez_f_bL K o - (;2)

* :Decomposing the total strain rates in each bar into elastic and inelas-

ticcontributions gives

5 . . ‘ .
. e = —%—+ ei _ . (13)
o
. op ] - .
e AL T - a

:where E is the Young's modulus as specified in equation (5); The inelastic
sfrain rates é? qhd ég are, of course, obtained by appTying'the ine]astig
cgnstipupive equations (1) - (4). to each bar.
Combining the equilibrium equations (8) and (9), the compatibility
equation (12), and the constitutive relationships (13) and (14) leads to
4L L 2u

. . ! .
SR ENEENES S e TACEE (15)



" 'Under constant compressive stress (i.e., g, <0 and ;o = 0), and in
the absence of inelasticity (ef = e: = 0), equation (15) gives the Euler

critical stress for the idealized column as

Eh ,
Oc = Zt' _ (15)
Further,'calling‘
g
p= 2 (17)
o
and
ne & | - (18)

where n is fermed'the nondimensional displacement, we have from equation (15)

g | :
. E . -
Now, from equation (6)
&2 = 2&0 - ;1 . (20)
and from equations (12), (13), (14) and (18)
o o . o, .
n=2§_c(li+eg-ﬁ_2-eg) (2

The coupled system of equations (1), (2), (3), (19), (20) and (21) to-
gether with the appropriate initial conditions, inc]uding‘the initial imper-
fection no = n(0), allow the (nondimensional) disp]acemgnt n(t) to be calcu-
lated for a speéified temperature T, Euler crftical stréSs oc and history of
loading og(t). ~The results of séveral such calculations for various loading

histories are presented in the following section.



RESULTS

A1l of the cq]ﬁq]ated rgsults are isothermal with the temperature taken
tohbg¢81lK (1000F ). The Euler critical stress oc is 200 MPa and the -loading/
unloading ramp rate |$°| is 96 MPa/sec. The governing system of equations
was integrated using a self-adapting Adams-Bashforth predictor-corrector
;éééhod with a 4th order Runge-Kutta method as a starter.. The calculations
’we}e perfofmed in double precision on a Prime 850 computer with an upper er-
‘,COF bound of 1074, - |
. In all cases, the criterion defining the critical time to buék]jng te is
taken as

| 2u

n= =1 | S (22)

¢ This is.equivalent, under constant load, to the criterion

i.e., the stress in bar element 1 becoming zero.

Behavior Under Constant Load

In all calculations the compressive load is first éppTied from zero,
where the deforming elements are considered in a virgiﬁ-state (i.e.,"
{éi = ap = 0), to a nominal value of the applied stress °6 = P/A of -35 MPa.
.Thus, with the Euler stress o, = 200 MPa the nomina],va]ue:of_the ratio p
:3(equatjonnll) is -
. o )
e 2 ?g% = -0.175 (e

C

10



- In this section Qe present the calculated results for a constant load,
i.e., Qith p held constant at the above value. Figure 6 shows the response
ﬁ(r) under these conditions for four different values of initial (nondimen-
;ioﬁal) displacement ng = 0.02, 0.05, 0.10, and 0.2. The time T = t/tg in
Fig. 6 is nondimen;iona], being normalized with respect to the critical time
.corréSponding to ng = 0.02, 1i.e., tg = 6h. .

o it is seen in Fig. 6 that the critical time to buckling is reduced by a
fsctor‘of almost 8 with an order of magnitude increase.inithe initial dis-
'piacement.

o 'For the éake of comparison, all subsequent calculations are taken to
:4Havé fhe initial imperfection ny = 0.02 énd are presented in terms of the

nondimensional time t = t/tg,.

T Behavior Under Variable Load

We first consider the effect of rapid load reductions and reversals

superimposed on the constant load oy = -35 MPa (p = -0.175). As shown in the

" inserts of Fig. 7, load interuptions occur at time intervals of 145 = 0.15

‘with varying amplitude. These include reductions (in the tensile directiqn)
of oo to -20 MPa and to 0 MPa (insert a), to +20 MPa (insert b), and a com-
plete reversal to +35 MPa (insert c). The calculated effects of these his-
tories on the creép buckling response n(t) are shown in the respective curves
a, b, and c of Fig. 7.

Curve a corresponds to the loading histories indicated in'insert a, i.e.
with reductions to -20 MPa and 0 MPa. The response curve for ea;h is identical
to that of Fig. 6 for the same initial displacement 0.02, indicating that no
change in the buckling response has occurred. Respdnse'curve b corresponds
to insert b in thch there is a load reversal to o4 = +20 MPa. Here, we begin

to see a measurable change in the calculated creep buckling response, the

11
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:crxttcal tame hav1ng d1m1n1shed from the constant load case by about 10%.
tFlnally, in curve c, we observe a reductlon of more than 30% in the t1me to
buck11ng Th1s corresponds to the history of 1nsert ¢ where a comp]ete load
txreversal from oob- -35 MPa to 0y = +35 MPa occurs at each load 1nterrupt1on
Immed1ate1y following each reversal, we see ev1dence of'the reappearance of
' pr1mary creep Th1s 1s attributed to the presence of dynam1c recovery (Fig.
:}) where creep (or relaxat1on) is observed to be acce]erated w1th stress re-
4versals - even in the absence of significant reversed inelastic strain. Al-
though to the know]edge of the authors, these effects have not been observed
'd1rect1y 1n creep buck11ng phenomena, it is expected that such effects can
occur, on the bas1s of the exper1menta1 observat1ons illustrated schemat1ca1-
ly in Fig. 1.

The influence of dynamic recovery is best understood oy considering the

state space‘(o,u).of Fig. 8. Note that in Fig. 8 and all subsequent repre-

I 'sentations of ‘the state space, compressive o and a .are shown as positive and

are plotted upward and to the right, respectively. Hereafter,,the relevant
i 'quadrant's of ‘the state space will be referred to as the firstu(oa>o) and the
- fourth (0a<0). ~ In Fig. 8 the trajectory of the state point (op, ap) for
bar element 2 is shown corresponding to the constant 1oao~response curve a
in Fig. 6. The segment OA traces'the path of the state point during initial
load-up to o4 = -35 MPa. Some inelasticity is indicated over path OA by the

Jincrease in the inelastic state variable ap. As oy is held constant, bar 2

~-:creeps under nearly constant stress and the state point moves toward B. As

: * the-geometric nonlinearity becomes prevalent the stress in bar 2 increases

»¢_(as that in bar 1_decreases) and the state point moves toward C. Point C

corresponds to the buckled condition n =1 in Fig. 6 (curve a).

12



Similarly, Fig. 9 shows the trajectory of the state point for the load-
ing-histories i]]ustfated in ingert a of Fig. 7, i.e.; involving load reduc-
~,}btions to oy = -20 MPa and to oo = 0. Here, we see the effect of the abrupt

. load changes as vertfca] (elastic) trajectories in the state space, re5u1tingi
in no overall change in the state path OABC from that just considered for a
constant load. This, 6f course, results in thé same creep buckling response
. observed earlier for the constant load. | |
The state path of Fig. 10 relates to the loading history of insert b in

Fig..7. Here, we begin to see evidence of state recovefy; The'load varia-

tions now producg stress reversals in bar 2 and the state point -trajectories
~are not just vertica] (elastic) lines as before, but now follow curved paths
as the state point penetrates into the fourth quadrant (ca<o) corresponding
to a reversal of stress. The state recovers with the stress reversal, re-

-sulting in a relatively softer state (smaller ap) upon reloading. Corres-

pondingly, the creep rate is increased-in response to each load cycle. Evi-
dence. of increased creep rate following reloading is apparént in curve b(Fig. 7).
L .;Load,historieé involving larger stress reversals produce increased state
recovery. Figure 11.shows the state path in bar 2 for the fully reQersed
_19ad depicted in insert ¢ (Fig. 7). Here, the effect of dynamic recovery at
. each uﬁ]oading/re]oéding cycle returns the state point well back into the
primary creep regime. As observed earlier, c]ear‘evidgnce of the rejuvena-
;tjoq'of.primary creep after each loading cycle is seen in curve ¢, with the
.total effect of diminishing the critical buckling time by about 30%.

As the period of application of the rapid 1oading cycles (1q = 0.15)
was chosen quite érbitrari]y, we now investigaté the effect of the fregquency

of load cycles. Figure 12 shows the buckling response curves n(t) for load

13



Jghisfb}ieg‘ihvolving a full reversal, i.e., oo = -35 MPa to oy = +35 MPa(as

" in insert ¢ Fig. 7), with periods 19, To/2; To/4 and 14/8 (the constant load

- résponsé curve is also shown for reference). We see the pronounced effect of

more frequent (shorter period) stress reversals. Revér$@1s:Qith period 1y/8
" reduce the time to buckling by more than a factor of 3.- ’
Next, we examine the influence‘of load reductions of extended duratioﬁ
“on the creépvaCkling time. The loading histories considered are shown in
the Tﬁskrts of Fig.A13.f Case a (i.e., insert a and responSevcurve a)
'3h85htsﬁto’one of those considered previously (insert a of Fig. 7) where
:Ethé:time>dufati6n atvthe reduced load o5 = 0 is effecti?e]y zero. ThiéAhis-
tdky,'as noted earlier, produces no change in the buck]ing response over
"the constant 1o§d case.
' Insert b depicts the history where the load, having been applied ‘for

:t;pefiod”ro, is abruptly removed (at a rate I;ol = 96 MPa/seC) and held at

“zero for a ¢dmpaEab1e period t,. The sequence is then repeated. This his-
o tbfy reduces the critical time as shown in curve b, by about 15%. Here, the

““Lime T includes only that time in which the load o, = -35 MPa is applied.
h As befofe, fhié behavior is best Qisua]ized‘in the state space (o, @),
Fig."14; "State rééovery'is observed as, in time, the state point moves at
rtvie?d stfésé toward smaller ay, e.g., on the first load reduction, from point
D to E. 'Reloading returns the state point to a softer state than before the
load reduction and correspondingly to a higher creep rate. Repetition of
‘the sequén&eﬂthUs causes acceleration of the creep buckling process.

" Insert ¢ of Fig. 13 shows a loading ‘history in which the time at zero

;strésé s now increased a hundredfold to 100t,. The corresponding response
curve ¢ shows a further decrease in the critical time, here about 30%. The
related state point trajectory shown in Fig. 15 is qda]itative]y similar

14



- to that of Fig. 14 but now shows significantly increased recovery with the

hundredfold ihcrease in hold time at the reduced stress.

Comparison with Predictions by Norton Law

ih’this section'we compare the results presented above with those for
%dentic&] loading histories based on a classical creep'lay of the Norton-
Bailey type, i.e,, ‘
' ‘ ép = B oN sgn (o) | (25)

A roughly equivalent representation was obtained by calculating the steady
state creep rates for various stress levels using equations (1)-(4)_and
“fitting" equation (25) to these “"data" by choosing optimal values of B and

.N in a least squares sense. This process yielded'the-foilowing

(=]
H

2.03 x 10-19
9.375

=z
"

.which are consistent with units of o in MPa and ;p in h-1, Using equation
(25), the critical time to buckling corresponding to'the~constént load case
of curve a Fig..6, turned out to be t; = 7.8 h, slightly greater than the
earlier referencg to = 6 h. Thus, in the calcu]ated résu]ts'presented here
(i.e., Fig. 16); the nondimensional time t is obtained by norma]ization with
respect to té. .The time plotted is that for which the load o5 = -35 MPa is
applied. On this basis, calculations of creep buckling response n(t) for
all of the foading histories presented earlier have been included in Fig.
16.. As expected, the time to buckling is completely unaffected by any of
~the variable loading histories. This is because the classical Norton-Bailey

respresentation (equation (25)) fails to account for state recovery in any

form.

15



DISCUSSION

Dynamic recdvery, as illustrated in Fig. 1 and by the state pﬁint

N trajectories of Figs. 10 and 11, is characterized in the present constitu-
,tiye model through the dual analytical forms of the evolutionary lah, equa-
tions (2).vThis description is consistent with the viewpoint of Onat [17] in

_representing inelastic behavior through the specification of analytically .

different mathematical forms corresponding to various regions of the state

' ;ugégg} Heke, different ana]ytiéal forms are specified depending on whether
the state point lies in the first (third) quadrant ca>o or the fourth
“(second) duadrant'oa<o of the state space. In effect, fhis permits the
state point to rapid]y recover upon reversing the stresé, even in the ab-
sence of significahf reversed inelastic strain (Fig. 1). This formu]afion
is intended'as an idealization of a bhysica] process whereby the dislocation
structure (or the'associated structure of internal stress) is abruptly al- |
tered with a revefsal of the app1ied stress, because previously immobilized
dislocations are remobilized on their s1ip‘p1anes [18].; As the inelastic.
state variable a‘is taken as an averaged, phenomeno]ogicai measure of the
dislocation microstfucture (or its associated internal stress state), it too
should reflect a rapid change as the stress is reversed.

, The specifié functional form of the first of equations (2) is made in
accordance with the experimental resu]fs of Mitra and McLean [19]. The se-
cond equation (2) can be considered an analytical continuation of the first, -
evaluated at ag (sha]] a) in the first quadrant of the state space, into the
second quadraht; or with symmetrical response in tension and compression, at

‘-ag in the third quadrant into the fourth quadrant. This amounts to a

highly idealized representation of the underlying physical process but,

16



_ nevertheless, captures the essential feature that abrupt microstructural
rearrangements occur with stress reversals.
The path of- the state point in the fourth quadrant ca<o in Figs. 11 and

12, and thus the extent df recovery, depends on the total strain rate and,

critiéa]]y, on thé parameter ag. Ideally, ap, or more comprehensively a func-
: tion of o and a replacing it, should be determined from experiments in which
the recovery of creep rate or flow stress under stress reversals is measured
:ndirect]y and not inferred indirect]yAfrom available monotonic tensile, creep
and/or relaxation data as was done here. Nevertheless, the present represen-
tation is believed to be adequate and consistent with the objective of demon-
strating the strong influence of state recbvery in creeb buck]ing; A more
~ comprehensive description of dynamic recovery, in the same spirit as that des-
. cribgd,_and the relevant experimentation are topics of continuing feséarch.
. Thermal recovery, as depicted in Fig. 2 and in the.state path§ shown in
fjgs, 14 and 15, isimanifest in the second (negative) term of the Bailey-
. Orowan evolutionaryvequations (2). In the applications considered here the
_ ;tate point recovers in time under éonstant (zero) reducéd étreés, giving rise
to an increaged creep rate on reapplication of stress {Fig. 2). Physically,
... +.this macroscopic behavior is associated with thermally activated, diffusion
controlled microscopic processes such as climb of edge dislocations; allowing
dislocations, in time, to bypass immobilizing obstacles, thus producing a

softer state (smaller a). The important material parameters in equations (2)

are R, m and 8. Ideally, these parameters are determined from both creep data

and information obtained from stress or strain transient dip tests [6] that

provide a direct measurement of thermal recovery. Again, as these data were
not readily available for the alloy Narloy-Z, the pertinent parameters were

inferred indirectly from available data. As discussed earlier, this approach

17



é]thoﬁgh not optimal, is considered consistent with the pfesehf objectives.
CONCLUSIONS

;‘we have exémfned the creeb buckling response of an idealized (Shanley).
eoldmn‘under some speeial variabie loadings. The two types of loading con-
s1dered amount to superpos1t1ons of the fo]]ow1ng load sequences on a con-
stant applied load
| 1)‘ rapid cyc]rc un]oading/felqading sequences involving stress rever-
o sa]s; and
:é) cyclic loading that includes intermittent reductiens of load for
extended'befiods of time (at temperature). |
“ A]though the sandw1ch co]umn model used is highly 1dea11zed the con-
vst1tut1ve model 1s quite comprehensive, in as much as it 1ncorporates are-
Vnpresentat1on of dynamic and thermal (state) recovery. There is substantial
 exper1mentaT evidence that many structural a]]oys embody internal mechanisms
at e]evated temperature that allow 1ne1ast1c strain rates to 1ncrease (re-
cover)tfeIIOWing periods of hardening. 'In particu]ar,-this is believed to be
true for the representative copper alloy Narloy-Z characterized here.
| The‘loading sequences examined are not'ihtended to represent prototypif
‘eal 1eeding histories for any'particular structural cdmponent; instead, they
were chosen to best illustrate the generic influence of both dynamic and
_ thermel recovery on structural behavior in the presence of a creep induced
instébi]ity. It.iseexpected that qua]itative]y similar behavior will accom-
pany'mbfe realistic variable loading conditions,.(and more rea]istie struc-
tuFes), and tﬁat neglect of state recovery effects in such cases will lead
s1m1]ar]y to nonconservative predictions of the critical time to creep

buckllng

18



. We now list the.conclusions drawn from this study:

] .Staie ;ecdvery (dynamic and thermal) can have a significant effect
»‘on”Creep buckling behavior, i.e., on the criticaf time.
o FaiTQre to account for state recovery in the-cqhstitutive equations
-can lead to nontonservativé predictions of the critical buckling
time under variable loading; |
o' A é1ass%ca1 Norton-Bailey type creep law as‘common1y uséd in creep
”3buck]ing'ana1ySes, does not account for state recovery and therefore
Eluhay significantly over predict the time fo creep buckling under
variable loading. | o |

It s important that constitutive models which are to be used in

creep buckling analyses involving variable loading-a1low for recovery
<77 effects, and furthermore, that the characterization tests used for
Jdeterminingythe pertinent material parameters include direct measure-

LU ments of- state recovery.
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Fig.

1

Schematic representation of dynamic recovery. In the
absence of stress reversals, the stress relaxations
over a fixed time ab,cd and ef show successive
hardening. After the stress reversal fgh, stress
relaxation hj shows evidence of (creep) softening, i.e.
evidence of recovery of state (see [1]). ‘
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Figo

2.,

At

.S'é}ie}natic_ t,epre‘sehtat’i'on of thermal recovery. Response

in an interupted creep test typically exhibits
relatively smail strain recovery €&,  but measurable
softening ( depending on the interval AT ) following a
stress reduction, i.e.recovery of state (see [21]).
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