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ANALYSISFOF HIGH—TEM?ERATURE TRANSIENT CREEP
OF PURE METALS AND ALLOYS
Kamal E. Amin
Iﬂorgénic Materials Research Division, Lawrence'Berkeley Laboratory
and Department of Materials Science and Engineering, College of
Engineering, University of California, Berkeley, California
- ABSTRACT
It is.éuggested that transient créep at high temperatures arises_princi—
pélly as & result of the dispersal_éf entanglements by the climb mech- |
dnism. The dispersal of the entanglements is assumed to follow a uni-
molecular reaction kinetics with a rate constant that depends on stress
and temperature in the same way as does the secondary creep rate. The
analysis shows that ‘the strain (e} versus time (T) relation can be
represénted by o
81 -(Ke_-t)

=g +¢ ot + == -
€ 80 ss t K 1 exp

' where eo is the instantaneous strain on loading, és the secondary creep .

rate, Kés the rate constant, and B the ratio of initial to secondary
creep rate. The experimental creep data on several b.c.c and f.c.c
metals and alloys correlafe quite well with the proposed mechanism. The
constants B and K were found to be indépendent of temperature and
stress. The proposed formulation becomes inapplicable for correlgting
creep data in polycrystals at low stresses becauéé of the significant
contribution of grain-boundary sliding to the total creep at these

stress levels.
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1. INTRODUCTION

1. Typical strain-time curves :

- Several camon types of ‘high-temperature creép curves.are illustt‘ated

schematically in Fig. 1, and documented in table I. - The creep curve is.

usually separated into three distinct. regions; primaxy (transient) ’

secondary ~{steady state) and a later tertiary stage. Most metals and

alloys exhibit a reasonably extensive secondary stage, followed by an .

mcneasmg creep rate over stage III. Stage III is characterized by
mic_rcfissuring, local plastic'deformation and creep rupture. Major
differences between the Creep curves of various matenals + however are
roted over the transient stage I. Materialsi ® in which the substructure
pertinent to creep remains substantially constant, enter the steady-
state almost immediately after loadlng (type B). All annealed! metals

and same alloys exhibit a deccelerating transient creep rate (type A),

reflecting the continued formation of a more creep msistaht substructure
' during the transient stage. These same metals and alloys give creeb'

‘a_zrves of type C when they have been previously crept at a high applied

sl;ress7, or have been cold worked. Their ihcreasing creep rate over

stage T is due to recovery of the pertinent substructure to a steady~

state one, whereby their steady-state creep rates are.indepehdent of
ahy preyibus mechanical ‘t:'ceaﬂneﬁt.B The secondary creep rate is generally
cbtained when a balance is reached between the rate of hardening of the
developed substructure, and the rate of its thermal recovery under the
aéplied stress.’ ‘

Type D curve has been observed in certain special dispersed phase alloysg..
Other types of creep curves were obtained as a result of periodic re—

crystallization, or as a result of microstructural changes attending

‘A rev1ew of all pertlnent data by Bird, Mukherjee and Dorn

~ ferent types of tfansient behavior.

transiént (BNT) .
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prec:.oltatlon hardenlng, overagJ_ng, etcll.

12 reveals

that on.ly those metals and alloys that undergo initial straining upon .

“stressing exhibit the usual normal transient, NT, (type A, Fig. 1) stage

of Acx"eep. This g‘rbup includes all metals and almost ali alloys that
cbey the semi-empirical relation: v

es.K.T

—m* '=A (C/G)n ] | (l)

for which n = 5.0, and to a lesser degree same alloys for which n = 3.3.

In the above equation (1), és is the secondary creep-rate, D: the self

diffusivity, G: shear modulus, b, the Burger's vector, and ¢ the applied

stress. Those alloys which do not undergo significant initial straining

at t = o upon appli_cat’ibn of the stress do not exhibit the usual normal
transient stage (NT) of creep. They instead display one of three dif-
The few n = 5 alloys of this type
show an almost negligible initial strain and an extremely brief normal
Alloys of the n = 3.3 class which undergo no initial
strain show either a ‘brief ir_iverted transient (BIT) over which the creep
rate mcreases towards the steady state or no transient behavior at all
(NOT). A few n = 3.3 alloys show initial straining and others: do not.
Same exampleé of this variant trénsient creep behavior are given in
table 1.

2. Strain - time equations:

Ea.rly-'i«nvest-.irgat.i.ons13 have shown that:

e =e,t f (t e—QC/RP) for ¢ = constant, (2)

over both the transient and the steady-state stages of creep at high

temperatures. In this equation,.e is the total creep strain, which is
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‘r_fﬂ.e’ sum of the initial strain €, Upon stressing at t = 0 and the creep
strain up to time t, o, is the applied stress, Qc is the apparant -
activation energy for creep, and RT is the usual gas constant times the

 absolute temperature in K.

Q as defined by
3 1n & In (£)/%) 3y
s LRT| - | T71 1.)_ o

0 .

R Tl T2

was shown to be insensitive to the applied stress, strain, grain-size,
temperature etc. It is always slightly different fram the activation

enthalpy of diffusion:

- 9imd___ (k)
W= TR _
i S L 17
For many materials, the creep strain 1s found to follow Andrad's™ em—
pirical equation, viz
ey 3, - (5)
€ Eo = Es.t + Bt ' A | .
whére- és’ is the steady-state créep rate.-and B is a constant. This for—

milation oftén appearé to be in fair agreement with high temperature
c:reep. data, for its parameters can be adjusted to fit most of the high -
timperature data spanning both the transient and steady states. One
objeé:tion to the universal application of Arxdrade's_ equation concerns
its prediction of infinite initial creep rates. Although it is admit-
tedly difficult to measure the initial creep-rates accurately, many
caxefﬁlly conducted experiments sugéest that physically they must be’
finite.

An alternative formulation that has been employed is:

» ) -rt
- = & - 6
- e . EO es. t + eT (l e ) (6)

where e, is the total transient strain for t = a, and r is the ratio

T

-of the transient ’creep_rate'to the transient creep straln This relation

-4

18 . lLater it

was first éuggested on a purely empirical basis by McVetty
has been applied by Garofalolg, Corway and Mullﬂd.nzo, and Evans and
2 - '

Wilshire l. Also several authorszz’23'24 have arrived at expressions

analogous to equation 6, fram detailed consideration of specialized'

dislocation models for the rates of multiplication and anm.hllatlon of

_ dislocations durlng hlgh temperature creep.

It is the purpose of this investigation to provide a unified analysis
for high—temperature creep that w111 incorporate the effect of both
temperature and stress on the shape of the transient creep curve, and
provide a physical piéume- of the primary stage of deformation, Stage I.

The investigation will .first sumarize the pertinent substructural

-changes that accompany transient creep and will emphasize the role of

dislocation climb in the dispersal of entanglanents. This will be
followed by the development of a unimolecular reaction rate kinetic
approach to describe the transient creep behavior. The validity of the

presented approach will ‘_be confimed by correlation with experimental

" data.

IT.'SUBSTRUCTURAL CHANGES DURTNG TRANSIENT CREEP

The,decreasing‘ creep rates over tﬁe nomal transient stage of cieep,
under constant values of the independent variables of stress and temp—
erature, must be ascribed to the develcpment of nore creep resistant
sﬁbstmctﬁres over this stage. Since normal transient creep is. contingent
upon the occurrence of initial straining, normal transient creep rates.
are the result of changes in substructure from thét which is produced
immediately upon stressing to that which pertains to the steady-state.

The substructures which are formed upon initial straining at creep

~ temperatures closely resemble those which are déveloped during strain

o
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hardening over stage 111 defonnatlon at lower temperatures 25,26 27

Most of the dislocations are,arranged in rough céllular patterns,. the

walls of which are camposed of dislocation entanglements. Same cells

cantain a few randamly meandering dislocations in their interior. Etch
p:.ttlng25 128 and electron microscopy studie327’ 28,29 have shown that

dlslocatlons rearrange themselves during the early. part of transient
Creep as a result of the extra degree of freedam resulting fram dislo—~ “
cation climb which becames facile at high temperatures.  During the early
partions of transient creep the cellular structure remains acbservable,

but in many localized areas dislocations rearrandge to become either

' randanly distributed or to develop partially formed subboundaries.

Electron t.ransmission27 128,29

knit subgrain boﬁrxda,t‘ies -are being developed through dislocation untang-.
ling and redistribution of dislocations. No abrupt changes in the dis-
location substnacture occur during the transient stage. Rather, as strain
increases, larger numbers of roughly-formed subgrain boundaries. develop,
cells become diffuse as dislocatione climb and glide away, and those
subboundaries which are ..already formed became better defined and more
tightly knit. A subgraJ_n structure energes gradually and develops clearly
over the latter stades of the transient creep.

The entanglenents disperse and adjacent cells coalesce so as to pro_duee
more sharply delineated subgrains which have a volume about eight |

times that of the original cells over the secondary stage of creep, and
an invariant substructure persists th_ch depends only on the magnitude

of the applied stress. It cdnsists of subgrains separated fram one
another by low—a.nqle boundaries w1th1n which there exists a few isolated

Iandanly meardering dlslocatlons “,“'“’" '

The substructural changes that take place during nomal transient creep

- tailed investigations of Clauer, Wilcox and Hirth

are mﬁoubtedly interrelated.

microscopy shows that at this time loosely- '

are extremely complex.. Th.LS carplexity is clearly revealed by the de-
28 Undoubtedly these
substt'uctural changes are significant to the tramsient creep rate. Such
charées in the diffei:eht substructura.'_i Getails over the transient stage
. For example, the dispersal of the
entanglements, the build-up of low angle boundaries, the changes in
density of dislocationé and the alterations in misorientations across
low-angle boundaries, etc. are not rutually independent. Among these
various details only the dislocation density has been placed on a
quantitative basis.

Several investigators have attempted to follow the change in dislocation
density with strain over the transient stage of creep25'28'30-'3-:L . 'Ad—

mittedl to acocmpllsh this with satisfactory accuracy is extranely

. difficult, particularly in view of the major changes that take place

in the geametrical distribution of dislocations. Furthermore, it is

not mmed.lately apparént how the den51ty of dislocations should be
partitioned among those entangled ln the clsappearlng cell walls, those
adding to the growing low angle boundaries, and those that are meanderlng |
about more or ],.ests randomly. Early in the tran51ent stage it is custamary
to count all dislocations including_ those in the entangled cell walls

and those in the body of the celle despite the fact that each group

might contribute differently to the transient creep rate. As the
transient creep. rate approaches that for the steady state, it is custom-
ary to count only those dislocations that. are within the subgrains.
However Clauer, Wilcox and Hirth?® have shown that moving tilt-boundaries
form a significant part of the substructure during transiemt creep of
single crystals of molybdenum, and consequently the-dislocations in the

sub~boundaries must be considered.
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Results on the variation in the density of dislocation dﬁring creep
within the subgrains are presented in Fig. 2 as taken from reference 12.
The plot shows the change in (é/és.p.bz) as a function pf e for Cu single
crystals and polycrystalline Fe-3.1% Si, and as a function of (eme ¢ t) /e

T
total transient strain, and p is the density of dislocations. This plot

for molybdemum single crystals, where e is the i;xitia; strain, e, is f.he
shows the -(é/és.p.bz) seems to decrease cover the primary stage. If creep
were controlled by the motion‘ of j'ogged screw disiocatigns, _it might be »
esxpected that ¢ would increase linearly with p. The effect of dislocation
.density of climb-controlled creep, however, need not be linear because
with high densities of dislocations the climb time would be shorter

but the area swept out by the dislocations would also be smaller. The
effect of these counteracting influences on ¢ has not yet‘been accurately
formalated.

Although the state of knowledge concerning substructure is admittedly
unsatisfactory, the available e>§perimental data suggest that dislocation
densities decrease only slightly during the dispersal of the entangle-
ments in transient creep. The decrease in creep rate during norknal
transient stage might be assumed to indicate that strain-hardening is
taking place. Strain-hardening however has the implication of increased
density of dislocations. It therefore appears that the temm recovery
stre;_xxgthening due to dispersal of entanglements by disipcation climb is

prefefable .

T -

._8_
IIT. ANALYSTS

The substructural changes taking place during transient creep are so

canplex as to preiude any detailed mechanistic analysis of the process
at this time, | Althoﬁgh the density of dislocations decreases over the
transient stage of ‘creep, it alone cannot account for the much greater
percentage decrease in the creep rate. The major substructural change,

= centers about the dispersal of en-

as pointed out by Gupta and Strutt
‘tanglements, but the_relatioh between such dispersal and the traﬁsient
creep rate is not ye_tv understood. Undoubtedly all substruétural changes
during high-temperature transient creep are interrelatedAand depe.ndent
upon the dislocation climb mechanism. It >is therefore suggested that
transient as well as steady state creep is controlled by the rate of
climb of dislocations. This is consistent with the validity of equation
2. mxthembre( it .is also assumed that the reactions taking placé

Obey the laws of unimolecular kinetics. This assmtlption.will be verified
a pésteriori. '

Assuming that dislocation clinb kinetics control transient creep, the’
rate constant can be given in terms of the tanpefatufe and stress as Kés,
vhere és is the secondary state creep rate as controlled by climb and K
is a constant. As shown by Webéter ' O§x and Dor_n32, the uru.molecular

can be formulated as: |

afé-¢))

— T T K€ gy W

By integrating, one obtains

an (e-€)) = K é_.t + constant ' » ~(8)
Att=o0 £ = éi , substituting in (8) for the constant gives,
- =@, -i) et ' )
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Integrating once again gives: iv) For a.given metal or alloy the transient strain, € is constant

indépemient of stress or tétperature ; and

) € - - . .
- =i -2 8 o Keeg by onstant (20) - e . . )
E s » K Eg : : v) for a given metal or alloy there exists a universal high temperaturn
At”t =0 € =g , substituting in (10) for the constant gives ) . ' transient and steady-state creep curve of the form
: L o N T : : :
fo-i\r . _ o . : -e =f (£ .t) = 6/G) == . t (15)
e =¢_ + és.t +(%_S_) l-l - e K ES.t] (11) & fo S €s ¢ o kT .
N (o} £ . . . . .
A , s . . where the function f is derived from equation 2 mentioned earlier in
. 2. is the initial cree t time = 0, ¢ is the initial strain , . o - _ :
where ¢, 1s the initial v pfrate & EO_ - ' ‘ : " the text. The relation depicted in 15 is an ‘extension of 3 which now
upon stressing, and incorporates the effects of stress as well as ‘teperature on the shape
(e;_(" ES)__: . R , S 12) of transient creepv‘ cu.rve.v
o S : ) . IV. 'CORRELATION OF EDCPERD{ENTAL DATA
L imiti ient strain. Since the transient and steady state
is the l.unltlrg tran51en : A careful survey and re-analysis was made .of all the @cpermental results
. pt gy of activation for creep, and also the same
_ stages_ksve the _ssme Energy ot a . P : on high tanperature transient creep where the pertinent data on dlffuswlt
s - ; implied by equation 2, it follows necessarily ,
kinetics of reaction as imp ¥ ) ’ re » : and shear modulus were also available. A summary of all the examples
th‘at ) that have been a.nalyzed is glven in Table II. The. validity of equation
‘éi' =8 és : A ) i - 13) 11 is shown by the creep curves depited in Flg. 3 for experimental data
' 9 ,.32 31 34 ..
- where g = constant > 1.- Therefore, the total transient strain: _ on, 21 Ag + purified Fe™", Fe containing 3 » Cu” " plain carbon
. ‘ . ) _ ' : steel Mo single cr.ystals,14 low carbon NJ'.,"6 Pb37, and stainless
i) -1 (14) 29 ' .
&S X o T K™ i - .steel™, In ge.neral, the data spanned a range of stress levels and, in
S .
: : : : the case of data on Pt, low carbon Ni, Al, Ag, and Fe containing carbon,
. where g and K are constants independent of stress and temperature. - .
: : E a range of témperatures as well. The creep curves. clearly reveal that
. Accordingto the above analysis, there must apply: ;
v o

) . . . ) regardless of temperature and stress 'the data for each material fall
i) The initial strain upon stressing egr 1S athermal and depends on _ '

the original state of the metal or alloy and the value of ¢/G where well on to a single curve which agrees well with the solid theoritical
e original s O I

. curve of equation 11. Figure 4 shows the initial strain, e _, as a
o is the stress and G is the shear modulus; o

. function of /G for the cases that were analyzed. These data refer to
ii) The ratio of the initial to secondary creep rates, s is a constant _

, L . the modulus adjusted athermal stress-strain curves at high temperatures.
independent of stress, temperature and initial strain;

‘ : The secondary creep rates ¢_, for the metals and alloys in question are
iii) The rate of dispersal of the entanglements depends on the same s’ :

function of stress and temperature as does the secofidary creep rate;
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snown in Fig. 5, where In ,(éSkT/mb) _is plotted as a function of 1ln(c/G).
The curves agree fairly well with similar curves that were presented in
a recent review by Bird, Mukherjee and Dornl4. In general, the plots
clearly fall into the category of creep as ocontrolled by the dislocation
A typical e#ample of the Universal creep curve fbr the case of pély—

. crystalline Ni is shown by the datum points of Fig. 6a. Regardless of
stress all data fall well on to a single curve. The solid lire refers
to the theoritical expression given by Bg. 11. An even Vmore convincing
proof of the validity of the unlver:sa_l creep curve is shcwn. in Fig. 6-b
for Nb, where the experimental data cover ranges of temperature as well
as s&ess and the secondary creep rates vary by two orders of magnitude.
The remaining cases that ‘weré examined were about equally consistent
and illustrated the good agreement of the theory with the experimental
results. Thé stress dependence of éi and és is shown in Fig. 7 where
{kT/DGb) is plotted against a/G in dimensionless units. The datum

38

points refer to creep of Ni by Parker™ at one temperature and five

stress levels and to creep of Nb by Brinson and Arge'nt39

for a series
of temperature or stress levels. Fig. 7 illustrates vthat the init;,ial
creep rates, éi' for a series of stresses and tanperatureé are greater
than the secondary creep fates, és, by a.constant factor g. Both éi
and ¢  are dependent on the substructural details that develop and hence
are functions of stress. As shown in Fig. 7, their difference is a |
coﬁstant regardless of stress and temperature and is not a functicn of
state.

Values for the traﬁsiént strain ¢, were deduced from curves in Fig. 3
and Fig. 6. The rate constant K for different cases was determined at

one-half of the transient strain where equation 11 gives K = In (2/ s.t) .

-12-

‘The calculated values for the ‘constants K, 8 and e
Whereas the tran51ent strain € exhibits rather proncunced variation;
form one case to another, the rate constant K seems to be samewhat less
variable. Undoubtedly both depend on significant substructural details.
Up to the present, however, no consistent trends in variations of K or 8
have been uncovered relative to effect of grain size, st..acking—‘fault'_
aﬁrgies, or any other pertlnent structural details.

Evans andWilshireZl working on polycrystallin_e Fe found that Eg. 11
becanes inaccurate for créep at low stresses. Similar discrepancieé,
which are cbserved in the creep of austentic stainless steel, have been
discussed by Webster, Cox and Dorn’l to arise from the increased con-
tribution of g‘fain—boundaxy élid.‘ing to the total creep rate at the low
applied stresses. The data for stainless steel by Garofalo analyzed
here apply only toA the higher stress le\}els where the oontributio_n of
grain boundary sliding is‘less than 0.04 of the total creep strain. When
grain-boundary s]icﬁ.ng pervails, Kés is no lorger the pertihent rate
constant, si_nce it refers to a creep mechanism resulting fram climb

along, and, under the circumstances, € is not expected to be a constant

T
independent of stress. Once grain boundary sliding is better understood
quantitatively, this factor might also be taken into consideration so

as to account completely for high-temperature transient creep at low

stresses in polycrystals as well.

are shown in Table 2.

»/
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V.. CONCLUSIONS

The following coneclusions are drawn from the preéent work.

1. It has béen shéwn that the creep éqpation
e = e, * és-t + Eq {1 —.exp(-kést)] |

can bé'dérived from the assumption that transient creep foilows'a.
first order kinetic reaction rate fheofy, with a rate constant that
depends on stress and temperatﬁre in,fhe same way as does the
secondary creep rate. |

2. It is suggested that high—témperature transient creep iesults from
substructural moaifications dué-to stfess and diffusion controlled -
climb of dislocationms. |

3: For a given metal orvalloy there exists a universal high—temperature
transient and steady-stgté creep curve that inéorporates the effecf

of temperature as well as stress in the general form:

DGb

=+ £(Et) =6 [(0/6)" - 22

-}t] + e

L. For a given metal or alloy the transient strain eT is constant,
independent of sffess or temperature,‘when»no significant grain—
boundary sliding takes place.

5. The.initial creep-rate, éi for a given metal or alloy is a constant
muitiple, B8, of the gteady—stafe'creep_rate és’ regardless pf stress
and temperature.

6. The initial strain'eo.depends on the original state of the metal or

alloy and the value of G/G.

7. In polyecrystals at low stress leﬁels, Kés is no ionger the pertinent °

rate constant and the effect of grain-boundary sliding needs yet

be teaken into consideration.

=1k~
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Table I. Metals and allbys that display different transient.

*(6961) 122

s

G?-f.

Initial

Type of Transient

. Creep Curve Ref.

Alloy or Metal Thermomechanical n
History Strain € Type
) *
Ni Annealed >0 5.0 NT A
T
Au Annealed "0 L7 ~ BNT B1
AgVg Annealed < 0.001 5.7 BNT B
wh¥
Fe - 3.9% Mo 0 > 4.0 BIT B 15
) : YTt -3 :
Al Annealed 0 <. NoT - B, b
Al - 3.1% Mg Annealed 0 3.5 NOT B2 '5
B - CuZn < 0.00L 3 - 3.4 NOT B, 16
Ag, AL ’ Annealed 0 3.6 BIT B, 6
Ni Cold worked to
€ = 0,03k 0 NOT o 1
Al Crept at Higher . :
) Stress ' NOT C T
Niomonic Alloy Annealed NOT D 14

*
NT:

Normal Transient Creep.

w%
BNT: Brief Normal Transient.
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NN

NOT:

Brief Inverse

N6 Transient.
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Table II. Summary of analyzed transient creep data.

Metal " Crystal Grein Size &g K B Chemical Composition Ref
(Polyerystalline)  Structure (mm)
Al F.c.c. 0.21 0.105 82 9.56 8.
Ag F.c.c. 0.017 0.013 99 2.28 31
" Alpha-Fe . B.c.c. 0.053 . 92.5 5.9 ¢, N <50 p.p.m., total 30
: ’ impurity <100 p.p.m.
o - Fe .B.c.c. 0.025 0.017 82.5 2.5  ¢: 0.054, N: 0.0005, 32
8 0: 0.0005, Si: 0.013,
S: 0.0026, P: 0.001,
: _ Mn: 0.001, Al: 0.006 N
Cu - F.c.c. 0.03 . 0.0085 277 3.35  Fe: 40 p.p.m, S: 8, Ag: 6, 33
v : Ni: 5, Pb: L
Plain C - Steel B.c.c. austenitic grain 0.02k4 116 3.77 . C: 0.23, 8i: 0.13, Mn: 0.60, .3k
size 0.21-0.104 S: 0.036, P: 0.036, Cr: 0.092
Ni: 0.17 and Cu: 0.125%
Mo [8] ~ Bge.c. 0.052 173 10.00 12
Single crystal
Ni F.c.c. 0.042 ~326 -12.9 37
low ¢ - Ni F.c.c. 0.036 330 12.88 C: 0.01, Mn: 0.03, Si: 0.1 35
Nb "~ B.e.c. 0.17 - 0.36 0.032 173.2 10.2 c: <0.015, O: 0.076, 38
o Ta: <0.25 -
Pt F.c.c. 0.01 138.6 2.39 Traces of Fe, Pd 36
<0.01 wt %
Stainless Steel F.c.c. 0.09 0.065 34.60 3.26 28
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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