ROZPRAWY INZYNIERSKIE « ENGINEERING TRANSACTIONS « 27, 3, 35¢—370, 1979
Polska Akademia Nuuk  Instytut Podstawowych Probleméw Techniki

THERMOSTIMULATED CREEP AND STRESS-DEPENDENT CHANGE
BETWEEN ATOMIC MECHANISMS(*)

M. BALARIN (DRESDEN)

It is the purpose of this paper to give an improved methodical proposal for creep experiments
and an evaluation of creep and activation parameters. The interpretation of the physical processes
involved and their participating atomic or more complex lattice defects are discussed.

1. PHYSICAL BACKGROUND—CREEP AND LIFETIME

. Sometimes we are interested in pure creep behaviour, but obviously there are
some distinct relations between creep and further mechanical properties, too. Macro-
scopi¢ fracture is always connected with microplasticity, in various materials with
different attributions with respect to localization, retardation in time and-amount.
Fracture is a multi-stage process; the separate stages can involve generation, motion
intelaction or annihilation of some kind of atomic defects like vacancies, in-
terstitials, solution of impurities, but also multiplication of dislocations, nucleation
of pores, microcracks, new phase boundaries and so on.

In a sense, all such stages are for themselves thermally-activated processes and
this means that they proceed in time, and,_evén'fra.cture. Therefore, such experimental-
ly observable values like fracture, yield stress, strengthening factors and others,
should be dependent not only ‘on temperature and stress, but on the stress-tempera-
ture-time-history. Here it ‘seems that some of the material parameters used in solid
mechanics, mainly as constants, do not reflect this situation quite well. But it is
necessary to take this into account when designing construction elements to be used
in a wide temperature range, under variable temperature influences and for dynamical
and impact loading; it is also necessary in material technology, mechamcal and
heat trcatments, in failure control etc. . _

“The stress- and’ ‘temperature dependence of the resultlng macroscopic deforma.—
tion velocity (here only the' stationary or secondary creep should be considered)
are governed in two different reglons by the followmg phenomenological constitu-

tive laws:

(*) Paper presented at the XIX Pohsh Solld Mechamcs Conference at Ruciane, 8-16 September
1977.. e : :
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AGb ot |- mfl g\* for small g,
b (7o) kT Doe Bl \G but of interest for high T
(T, 0)=
_Uo—ve for hlgh g,
(L.2) goe of interest for low and medium 7.,

The above laws are not deduced from the original physical principles. Here m, 1 —
dimensionless constants; G (f) — shear modulus, d — grain size, b — Burgers vector,
Q — activation energy of self-diffusion, U, — activation energy (physical interpre-
tation under dispute), y-activation volume;

Tt can be noted that in a few cases the same laws have been observed to govern
the mobility of single dislocation lines, Further, one should still take into account
the fact that in a large number of experiments on very different classes of materials
the life-time 7 of samples under stress and isothermal condition was found to obey
a law [1] which is just the counterpart to Eq (1.2).

Upg—vo

(1.3) (T, o)=10e *' .

It was found that independently of temperature, stress and material, the value
of 7o~10"12 . 10~1* sec was equivalent to the period of the Debye frequency
(this is of course an oversimplification permitted for our purpose); for more details
see the original literature ({2, 3 and 4]).
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F1G. 1, Correlation between life-time 7 (T; ¢) and stationary creep-rate & (T3, o) for copper (1),
high-temperature zircon-alloy (2) with 0.1% Fe+1.1% Cr, and plexiglass (3); each point in
this diagram'is constructed from two absolutely independent measurements for 7 and & ; points
belonging to the same temperature have been obtained for different applied stresses;
temperatures: for copper: @673K, +—T723K, ¢ —T73K,
‘ e ' v 823K, B—903K, (0—973K;

for Zr-alloy: o0 693K, ®—723K, A—T753K;

for plexiglass: x293K, ¢—308K, ¥—333K;
(Fig. 1 is taken from [6], original publications for copper: P. FELTHAM, J. O. MEAKIN Acta
met 7, 614 (1968); for Zr-alloy: K. MILICKA, F. DOBES, Kovove materialy 1976; for plex1glass
M. WM. Beccous, E. B. Kysmuuckuit, 11 3, 950 (1961).
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The second fact established was that in a wide range of applied stresses and tem-
peratures, the deformability of a given material having a definite microstructure
was always exhausted at a very specific value of deformation 4¢*[1, 5 and 6]. This
agrees well with the combination of Egs. (1.2) and (1.3):

(1.9 Ag* =ér=const.

Remember that & and 7 are measured in entirely independent experiments (Fig. 1).

2. WHY BETTER QUANTITATIVE CREEP DATA?

For the verification of Eq. (1.3) a large number of samples has to be stressed,
each up to its failure; this means that each sample supplies only one discrete pair
of observations 7 (7, o;). In this kind of experiments the mean statistical scatter
for a set of samples is large due to remaining micronecks in the surface after prepa-
ration and for similar reasons. For a precise evaluation of the parameters, the results
should be taken into account both from short time (down to 10 ... 106~ 2 sec) and
up to long time (up to 10° ... 107 sec) duration, and these should be managed cor-
rectly in experiments.

For the verification of the creep rate law (Eqgs. (1.1) or (1.2)) usually at relatively
low creep rates (10‘ ... 107% sec™') the creep rates are not measured continuously,
but are determined from the finite elongation after certain chosen time intervals.
This means that some actual fluctuations and retar dat:ons have been excluded and lost.

Therefore, it seems to be more natural to use directly the elongation e (7, o)
which is recorded in the experiment continuously and explicitly.

Dorn [2] proposed to perform more than one creep measurement with only one
sample, but always after a sudden change of the temperature of the stressed spe-
cimen; so it is possible to get some pairs of observations & (T}; o = const) with iden-
tical sample structure, dimensions and so on, and from such pairs he could derive
the activation energy value for the creep of that sample.

In practice it is possible to get only a few pairs within one sample ; the temperature
jump cannot be arbitrarily small, the new temperature should uniformly be ap-
proached and the stationarity of creep must be proved.

Later on it will be shown that systematic errors may occur when more than one
single thermoactivated process occurs and only very few experimental values & (7, a)
are available for the evaluation of activation parameters.

\

3. How DOES CREEP DEFORMATION PROCEED WITH INCREASING TEMPERATURE?

A consequent extension of Dorn’s idea leads to steadily chaﬂging temperature.
It was shown to inciease with a constant heating rate g=d7/d¢ [7] in many other
physical thermo-stimulated effects, like in thermoluminescence, as a process in the
electronic sublattice, and thermo-ionic current, as a kinetic process in the atomic
sublattice. Let us investigate how the deformation proceeds with this prescribed
temperature-time history.
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In a common form instead of Egs. (1.1) or (1.2) and for a constant stress o, =const
the derivative with respect to temperature T (f) is

’ de €2 T . ,
G.1) = - BT g

q

P

or

with U(ac)={ U — B{c; T) from Egs. (1.1) or (1.2).

Then the increase of elongation with tempef'ature (or time), starting the heating
from a certain low temperature 7, (in the limit T, —0), is

., ,

| 1

(3.2) A5(T; 0)=(T, 0) ~2(To) = f Boy; T') &= Vool g,
To

In comparison to the exponential term in the integral B(g.; T') is a very slowly
varying function of temperature; for instance, for most materials (and without

’

1 .
phase changes) we obtain G ar_ 0,5-1073/K. This means that even above tem-

pera.ture of 200 degrees the shear modulus clianges only by 10%.
1 "
Also the direct reciprocal temperature influence B~—]: for processes like Eq. (1.1)

‘can be accounted (see Appendix 1); for the qualitative purpose we may take as a con-
stant the mean value B(o,, T')=B (0.) and for the case of Eq. (1.2) this is fully
correct. Now one can take into account the fact that physical processes occur always
at temperatures at which U/kT> 10. So one gets '

To

B(o,) her B{o,) kT? (k.l)
. = ~UKT Jy = L UedRT
(3.3) Ae(T; o,) p J e ar P e Nl

- ' ' kT
The auxiliary function # (F) varies very stowly between 0.95 and 0.85 for values

K
of ‘—&—=0.01 ... 0.05 [8]. This again for our purpose allows us to neglect the # —

dependence in further considerations and to take approximately #2=1. Representa~
tion of the transformed observations drawn in the coofdinates In (de)=7(1/T) is
a practically straight line [9].

Uo.) . ( Bkﬂ)
3.4 In de= —-];7:,— F21n T41In —‘;U

with the slope expressed in terms of the activation energy

d In Ae

(3.5) T

= —U(o)—2kT.
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Ae '
Still more unique is a corrected ordinate In ( Tz) which tends to ‘a completely
unique slope of the elongation curve: '

dln (As/T’)
1 1 Tm
For convemence these curves In (de) or 1n (4¢/T?) as functions of — T

shall be named thermostimulated creep curves (7}, melting teraperature).

4, MANY ACTING PROCESSES

A single thermoactivated process starts at any low temperature as was mentioned
above and proceeds in the proposed coordinates along a straight line accordmg
to the schematic Fig. 2 starting at the right lower side.

g Ae

{
W yT

Fic. 2. Straight thermostimulated creep curve and various possibilities of additional instabilites
in the moment the temperature T is reached (see text!).

Let us assume now that at any higher temperature T, the matrix undergoes
a phase change. Then this can be connected with a specific additional elongation
Ae,, which can be positive or negative (Fig. 2). This change can be instantaneous
of with a small delay in time. When the matrix is not strongly disturbed, a similar
moving defect can continue its action; this means with nearly the same activation
energy (and nearly the same slope of the curve). Such relatively unimportant chan-
ges can, for instaunce, be a magnetic phase transition or some changes of the dislo-
cation network. More important changes like transitions in the crystallographic
lattice type will, even for the similar moving atomic defect, result in another slope.
The analogous slope change appears if another kind of defects replaces the first
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kind. A special case can be the limited coexistence of two acting defect types, then
the slope will show & continuous transition.

Our special interest now are processes described by the laws (1.1) and (1.2).
For a given o, let us seek for such temperature 75, (o.), (here i=1 and 2 corersponds
to processes described by Egs. (1.1) or (1.2)), at which the momentum contribution
of the second process becomes greater than that of the first. This will be

. U, (Gc) U B, Ul
“4.1) Ty1(00)= k /ln (Bx (0. ﬁ, d) U_2 (O'c))

: yo kT
., n— ol
dT 5 (0,) _ kT3, kT Uy—vyo

do o Uy—Q-+kT—yo

and (see Appendix 2)

(42

The last equations mean that T,, decreases when the stress o>nkT/y is further
increased; also the transitions occur earlier in fine rather than coarse-grained ma-
terials. Schematically this is illustrated in Fig. 3a. Before the transition points the

{19 Ae » Alghe

/7 oh

Fi1G, 3. Shift of thermostimulated creep curves and typical transition points with different applied
siresses >0y ; a) the process with stress-dependent activation energy u (o) is realized above T ;
it starts earlier and is more important the higher the stress is; case usually expected for metals,
b) inverse succession of processes with stress-dependent and stress-independent activation energies

same slope is always observed, whereas afterwards the slopes of curves for different
stresses are different. ' /

It should be mentioned that the transition temperature 7%, is not affected by the
heating rate g, as an experimental condition, although the creep curve, Egs. (3.3)
or (3.4), can slightly be shifted if one chooses another g.

It will be shown later that the processes (1.1)-and (1.2) in many metals can be
due to distinct atomic processes, especially to vacancy and to interstitial atomic
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mass transfer. Therefore, in some materials it may be possible that the atomic me-~
chanisms transform into one another in a reverse sense; then a situation, as indi-
cated in Fig. 3b, will occur. :

For instance, an analogous reverse effect occurred with diffusion. In all known
cases diffusion in metals at high temperatures is due to vacancy migration, except
for silicon in the case of which many arguments show that interstitials are the pre-
dominant migrating particles. As a matter, silicon is a material of great interest
due to its importance in semiconductor devices and in microelectronic technologies
at high temperatures. Here, cerizin internal stresses can appear due to thermal and
concentration gradients, phase boundaries and misfit situations. However, there
are as yet no available rigorous creep data for silicon at medium and high tempera-
tures, Neither have creep curves like those shown in Fig. 3b been found for other
materials.

5. TRANSITION TEMPERATURE -TRACE AND THE VACANCY-INTERSTITIAL RYPOTHESIS

A further consequence of Eq. (4.1) is the strong dependenby of T, on the
exponent n for which typical constant values are between n=1 and n=5 for many
metals. In Fig. 4 a sketch is drawn, which shows ‘the action of the two creep me-
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F1G. 4. Trace-line for the dependency of the transition-temperature on stress and on the exponent ne
above the trace-line creep-law (1.2) is acting and the activationenergy is stress-dependent.

chanisms (1.1) and (1.2) for some stresses o, and their combined transition effect
in T,; as a function of stress this yields a trace line 7., (o; n). Schematically is it
shown that the region where the first creep Jaw is predominant (that means below
this trace line) becomes more important for higher n and vice versa.
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It is also indicated (the shaded area) that creep and creep-rates can practically
be observed only in some limited region, in fact, of the lowest measurable elonga-
tion de,,, to the upper fracture limit Ae*, and correspondingly from a certain
experimentally lowest temperature to the highest temperature well below the melting
point. . »

Perhaps a short time deviation may rarely be observed in the immediate vicinity
of the starting point (finite temperature sudden loading) due to infinity of Ig (ds)
for 4e—0 and for primary creep, too.

But of direct interest, in spite of physical interpretation, is the curvature in the
neighbourhood of any transition 7, (5); it seems that only by means of a continuously
measured and mathematically transformed thermostimulated creep curve can details
of the transitions be evaluated. Let us keep in mind that for isothermal creep elon-
gation in fixed time intervals or for isothermal creep rate data only few observable
points of the representation lg (de) or g (§)~f(1/T) are obtained and that they
usually contain some data scattering. In the case of, for instance, four points as in-
dicated in Fig. 5 and even if there is no individual scatter, authors usually expect

Algé(Ta)

i
Fic. 5. Sketch illustrating the approximation of few experimental creep-rate points (@) and artificial
error in the estimation of an effective activation energy.

———-——possible creep-rate dependence, similar to fig. 2 and 3; — — — — — averaged linear
: ) approximation.

some scatter and the best they can do is to calculate an averaged linear approxima-
tion, This is incorrect and the obtained effective” activation energy is physically
meaningless. Rarely has the jump in the values of the activation energy been as
seriously investigated as this was done by MONTEMAYOR et al. {10] for KBr below
and above 487°C or by Ronpg and Prrr [11] for nickel above and below 130 K.
Many of the published creep activation energy data should be re-analysed for
their experimental conditions, especially when these values are compared with ac-
tivation energy for diffusion or with heat of sublimation and when their relatively
small differences are used as an evidence for any mechanism model. It should be
noticed that for high stresses the numerical value of Uy—yo can reach the same



CREEP AND CHANGES OF ATOMIC MECHANISMS 367

order as Q; i e. nearly the same activation energy, but two qualitatively different
processes! This also demands a high performance of the experimental conditions
and the measurement records. v

It now seems that more precise thermostimulated creep curves would be helpful
in the interpretation of the reliability of the transition between the two laws (1.1)
and (1.2) and the changes in the underlying physical processes. INpDENBOM [12]
suggested that in a sample under stress the chemical potential is changed in such
a way that sinks of vacancies become sources of interstitials, so that by both pro-
cesses atoms are transferred in the same direction. A further consequence will be
that plastic deformation at medium temperatures caused by high stress is due to
generation and migration of interstitials. It has been supposed for a long time
that interstitials are anneaed at much lower temperatures; but even if their concentra-
tion and generation is lower than that of vacancies, their high mobility yields a strong
plastic contribution.

CONCLUSION ,

The method proposed for investigating the creep behaviour of materials is cha-
racterized by termostimulation with a constant heating rate and a fixed stress in
the sample. It is convenient to transform the recoided experimental observations
to the following variables:

Ag Ae 1 1 Tm
lg Aglor lg—T or IgT—z and ”j:,‘ OI’E or ? .

From these thermostimulated creep curves the appearance of single thermoactivated
processes, of their superposition and of other transitions can be observed; and from
the slope of these creep curves the activation parameters for the atomic plasticity
processes can be evalvated. Concluding, some advantages regarding discrete iso-
thermal creep data should be mentioned:

It is possible to follow the creep behaviour continuously, with only one speci-
men and for one applied stress, over the whole temperature range (up to fracture).

This method is efficient from the point of view of the investigation time and the
number of necessary specimens.

It allows to avoid much of the scatte in the experimentally determined isother-
mal values £ (T}; o) or 7 (T} o) due to structural and dimensional differences between
different samples.

The qualitative results of structural changes or instabilities with instantaneous
or transient effects on the elongation or deformation rate can easily be seen directly
from the curves.

In every region in which only a single physical process is acting or dominating,
the characteristic activation energy can be determined quantitatively.

A transition in the mass transporting process will give an instantaneous or
a delayed change of the slope of the thermostimulated creep curves,
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A systematic comparison of the slope and the activation energy values for experi-
ments under different stresses makes it possible to determine the stress dependence
of U(o)=U,—yo and also of the other activation parameters B(c; ), v, n

It should be possible and useful to investigate the influence of various material
states, after initial deformation, ageing and annealing, by alloying and doping,
after and during irradiation, reactions with gases and moistute at the surface and
in the bulk. ‘

Of special interest can be a comparison of a series of specimens well distinguished
only in grain size to evaluate the parameter m in the law (1.1) or other characteristic
length in the microstructure, for instance cell size or, in polymers, regions of partial
or‘dering. ) .

It will also be of interest to vary the type of loads, and apply also combined
torsion, shear, compression and cyclic loading, and to look for their influence on
the expired mechanisms and their activation parameters.

Finally, the principle of this method is applicable to every kind of plastic materials,
not only for pure metals, but also for polymers [13], superplastic alloys, salts and soils.

New accurately determined activation parameters will facilitate the interpretation
of the physical processes, the moving defects, the barriers, sinks and springs. They are
more objective than some of the material constants and internal variables used in solid
mechanics, used there actually because of the lack of better knowledge.

It will be possible to draw for a given material of any definite structure something
like an improved deformation mechanism map (see Fig. 4) as compared to the
- maps proposed by Asusy [14]: mechanism-stress-temperature, or by MoHAMED and
LANGDON [15]: mechanism-grain size-stress at a fixed temperature.

For technical purposes the behaviour in long time explotation and at varjous
temperatures can be extrapolated in a more reliable way.

APPENDIX |

The integral
T

(AD) . f o~ VT " kT UIkT(l+ )
0 dT'=— e y
. T U
can be evaluated by integration by parts
- kT2
(A2) f e~ Ul a’T'=—~U— e Uy
¢}
Here the following notations have been used [7, 8]:
y=Tlu<kl,

n()=1-R(y),
. 1fy
R(y)= 2 (—=1y*t (n4 1)1 y* — a semi-convergent series,

n=1
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dR

_ . &
For experimentallyused conditions y<0. 1 and R{(»)<0.15; then a7 T ar s
negligibly small.

APPENDIX 2

If the creep contributions of the two different laws (1.1) and (1.2) are denoted
by Ade, and Je,, then at T, [o.] the ratio of these two contributions V= 4e,/4e,
equals unity !

(A3) V(T2 loD=1.

The shift of the transition temperature in dependence of the applied stress can be
found from :

ov It v
(A4 30| 1., dot = . dr=0.
This gives
. o kT,
, H— 1+
(AS) dT21= _ (aV/aa)/T7_1= kTZI kT21 UO—')’O'
do (@V[oT)|T,, c Uo—Q+kTy —yo
or
o kT,
n— 4 (I+ s )
(A6 d(I/kT21)_ _ kT, Upg—yo
) A A p—

As a rough estimate, in many materials it will be
uy—QwmsleV, kT, =several 10~2 eV,

There is a limiting situation g0, but this perhaps could not have been experimen-
tally observed:

L AUKT) "
co’ do wg—QFAT

nkT
As far as a finite siress a>-y—~ is concerned, the transition point changes with

(A7)

increasing stress to lower temperatures 7, (o) since then

d(1/kT,,)
(A8) | T

>0
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STRESZCZENTE

O PLYNIECIU STYMULOWANYM TERMICZNIE I MECHANIZMACH ATOMOWYCH

ZALEZNYCH OD NAPREZENIA o "‘ P
R e .
Celem pracy jest sfbrmulowanie propozycji dotyczacych badat doéwiadczalnych efektow ply-
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" Peidome R
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