
HARDENING, RECOVERY, AND CREEP IN FCC MONO- AND POLYCRYSTALS

H. Mecking, U. F. Kocks and H. Fischer

4th International Conference on the Strength of Metals
Nancy, France

August 30-September 3, 1976

Ttm i t pint «««
ipapk'ied by inr
the VnaeiS Sut
fttwvih inJ t>r*
their employ***.
tubco filiation.
waiitiuy, *»pte«
b*t>jbtr ui ttifrnn
MI uwtu^ts of j

inlnnp! pnviti,'l> t

NOTICE
piFpainl *t
llfutrf Si.l

n nnr (K«
tKipmeni Ail

i thru r*
ot tmphrd

m teptrtcnU
•Tied light*

"in" i«

I'nttrd
TUiuttrji

-lem .

Stitti
un. mi

nf then ccin

(IT IUU
,nt*

n. ipfinlut pi
thai m

I *nth
S«ithn

tjLlOU,

Irtrorn

Ut'CJM-USEJM
ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS

operated under contract W-31-109-Eng-38 for the

U. S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION



HARDENING, RECOVERY, AND CREEP IN FCC MONO- AND POLYCRYSTALS

**
H. Mecking and U. F, Kocks
Argonne National Laboratory, Argonne, Illinois, USA
and H. Fischer
Technische Hochschuie, Aachen, Germany

ABSTRACT

It Is shown that the Bailey-Orowan approach to simultaneous
strain hardening and recovery is in conflict with experimental
results on thn vork-hardening behavior of many fee mono- and poly-
crystals, and therefore should not be used in creep theories
either. A more promising approach is the superposition of strain
hardening and strain softening, a term used for mechanically
rather than thermally activated recovery processes. The strain-
rate dependence of the mechanical properties is then characterized
by two exponents m and n, one for the isostructural flow stress
and one for the strain-softening process. The latter dominates
steady-state, creep up to temperatures of about 0.6 of the melting
point, and can, by extrapolation, even explain high-temperature
creep.

THE RECOVERY GLIDE THEORY

The dependence of stress on strain at. constant strain rate is
usually described in two steps: the dependence of stress on
strain rate and structure (such as dislocation density), and the
evolution of the structure with strain. Cottrell and Aytekin [1]
used the same approach to describe creep, in an expansion of tht'
Bailey-Orowan law for steady-state creep: the strain rate is a
function of stress at a given structure, and also enters through
the relation that describes the change of structure with strain
and time. Following Kocks [2], we shall describe the structure
by the flow stress 0o at some arbitrary reference strain rate lo
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and reference temperature, and the kinetic law connecting strain
rate and stress at a given structure by

( I"1

f- = If- I . (1)
The pewer law is more convenient than the more proper Arrhenius
Jaw wii.n »tress-dependent activation energy; it provides an ad-
equate description of material behavior, over a sufficient range
of the variables, with an exponent m that is insensitive to
stress and strain, but depends on temperature [3].

The change of structure with strain is described by the
change of the reference flow stress o . In (the Bailey-Orowan
model: °

dao = h de - r dt . (2)

Here, h is the hardening coefficient which gives the increase in
flow stress due to the strain increment dc; r is the recovery
rate which leads to a decrease of the flow stress in the time
interval dt during which the strain increment dc is carried out.
Dividing Eq. (2) by dc *»e obtain a net hardening coefficient

which should describe work-hardening behavior. It is observed
that stress-strain curves flatten out at high strains, i.e.,
6 -~ do/de decreases continuously. If G approaches zero, defor-
mation takes place under constant stress and constant strain rate
which is the steady-state creep condition. In this limit, Eq.
(3) degenerates to c - r/h (with i = steady state creep rate).
The experimentally observed steady-state creep rate depends on the
stress by a power relation:

I ' C'(T) • on' (4)
s

where n' is the creep exponent. Combining this equation with the
kinetic law (1) one obtains

£s " h " C < T ) ' C ° n ( 5 )

where ..

A - i + i (6)
n' n m x

The creep exponent n is usually much smaller than the ipostruc-
tural exponent in so that in most cases n' *> n.



In Eq. (3), h is usually interpreted as being almost indepen-
dent of temperature as well as of the degree of deformation,
similar to the hardening coefficient of stage II in single crys-
tals. Thus, the power dependence is dua to that of the recovery
rate r. Consequently Eq. (5) is equivalent to saying that, in the
framework of the Bailey-Orowan approach, Eq. (3) has the form

6O = h -
r.(T)-a,

(7)

Equation (7) is certainly consistent with experimentally ob~
servsd steady-state creep behavior. However, the question arises
whether it describes also the strain-hardening behavior with ac-
ceptable accuracy.

EXPERIMENTAL OBSERVATIONS

The validity of Eq. (7) can best be tested with the help of
experimentally observed relations between the slope of the stress-
strain curve and the stress. These are shown in Fig. 1 for gold
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single crystals over a wide range of temperatures, for one strain
rate [4). (Here, the resolved shear stress T was taken instead
of o, and 9 is correspondingly defined as 6 = dx/dy where Y is the
shear strain.) Since the experiments were carried out in tension,
steady state (8 = 0) could not be reached exactly because of neck-
ing. It can be seen however, that the observed curves can easily
be extrapolated to 0 - 0 and furthermore that 6 ™ 0 is approached
by an almost linear O-T-dependence. This linear part covers a
significant range of the high-stress end of each curve and there-
fore is related to Che overwhelming strain range because 0 is very
small in this region. The linearity of the diagrams disproves the
applicability of Eq. (7) which predicts a much stronger dependence
of 0 on T (if one assumes h to bo constant and n > 3).
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The same follows from the strain-rate dependence. From
Fig. 2, where 9 is plotted for different strain rates at constant
temperature for Al polycrystals [5], it can be seen immediately
that the observed c-dependence is much weaker than expected from
Eq. (7). From these results, one must conclude that Eq. (7) is in
disagreement with the experimental observations. Rather, the ex-
periments suggest that

is the appropriate form for the description of the superposition
of hardening and recovery.

Equation. (8) is additionally supported by experiments in
which the change of the slope of the stress-strain curves, after
sudden strain-rate changes has been examined [6). Fig. 3 shows
the results in a plot of 9 as function of 1/r. As o 0 is constant,
one would expect in this representation a straight line if Eq. (7)
were valid. However the data follow a strongly curved course,
which can be well described by Eq. (8) with an appropriate value
of n. This can be seen from Fig. 4 where the data of Fig. 3 are
plotted as log (h - 9) versus log (1/c) using h = 15 kg/mm2, which
value produced the best straight line in this kind o.': plot. It is
very satisfactory that the best-fitting h value is very close to
the stage II slope of the hardening curve for this orientation.

In summary, it follows that according to our experimental
examination, the hardening behavior has to be described by F.q.
(8) in:;tend of Eq. (7 . Both equations lead 'to the sane steady-
State creep lavs they are, however, quite different with respect
to the stress- and strain-rate-dependence of the hardening coef-
ficient 0. The fundamental physical differences which distin-
guish these two equations will be discussed in the following.

MECHANICA.L 1NTE RPRETAT1OS

If one insists on interpreting the experimentally confirmed
E'tj. (8) on the basis of the Bailcy-Growan law, Eq. (2), one has
to introduce a strongly rate dependent recovery irerm:

i d t - C a . £<l-l/»> d t ( 9)

Since the recovery rate r is almost proportional to c, the amount
of stress reduction, r dt, is nlnost proportional to the strain
increment dc. If this is t.ue, Eq. (2) has lost its physical
justification and it is more appropriate to introduce a term

s dc - C 5L?._ de (10)
1/n



We call it "strain softening" to distinguish it clearly from time-
recovery: "dynamic recovery" is not stress-assisted time-recovery,
but thermally-assisted strain-softening.

An'analysis of the temperature dependence of the strain-
hardening rate (8) in single crystals of Au (Fig. 1>, Ag, Cu, and
Al [4], and in polycrystals of Al and Cu [5] has led to the con-
clusion that it lies in the exponent n, not in the factor C as in
Eq. (5):

n - £ (11)

Here, A is a material constant which depends on shear modulus and
stacking-fault energy, n varies from very high values at low
temperature, to values of order 10 at half the melting temperature,
and extrapolates to generally quoted values of the steady-state
creep exponent in the range of 0.8 Tm. It thus appears possible
that the low-temperature mechanism discussed here explains high-
temperature behavior as well.
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