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ABSTRACT

High temperature mechanical tests including recovery times on FCC metals or alloys involve
at least two mehnim. First, the foriation ofa two phase dislocation microstructure (cells,
walls/channels...) induces intragranular backstress and hardening,. Second, if the recovery
time and the temperature are large enough, the previously formed dislocation microstructure
can disappear, even if no remote stress is applied. Simple models of these two mechanisms
are proposed. They are based on TEM observations and are validated comparing with several
measurements from the literature. These models do not use any fitted parameter and could
help to predict the macroscopic behavior during creep-fatigue tests.

INTRODUCTION

behavior of Face Cubic Centered (FCC) metals and alloys during sequential or fatigue tests
including, hold times or recovery times at high temperature is difficult to predict [1]. In fact,
several mechanisms can be involved such as hardening, due to dislocation microstructure
formation [2-5], softening because of recovery of this microstructure [6,71, precipitation,
relaxation, ageing... This paper is dedicated to the modeling of the two first mechanisms
holding at the grain scale. If the plastic strain during monotonic or cyclic tests is high enough,
two phase dislocation microstructures appear inFCC single crystals or grains (Fig. 1). A large
number of microstructures have been observed (for cyclic loadings: cells, walls/channels,
labyrinths ... ) [8-10]. but they are always composed of a hard phase with a large dislocation
density and a soft phase with a low dislocation density. This two phase microstructure can
induce backstresses at the single crystal or grain scale. In the polycrystal case, intergranular
back stresses have to be taken into account too [11-12]. At least two kinds of such
intragranular back stress models have been proposed. First, following Mughrabi [2] and more
recently Feaugas [3], the two phases could be supposed as plastically deformed. The two
phases have different volume fractions, dislocation densities and flow stresses (because of
Orowan law [13]). Using the fact that the mean backstress is equal to zero and that the
plasticity criterion is verified in each phase, the backcstresses can be computed. Second,
following Pedersen [4] and Langlois and Berveiller [5], only the soft phase could be supposed
as being plastically deformed. The hard phase is supposed to be elastic. Models of
homogeneization of two phase materials are then applied. The plastic strain incompatibilities
induce elastic strains and backstresses. These models are therrmoclastic, that mneans that's they
ignore the plastic accommodation. In fact, they suppose that plastic strains are homogeneous
in each phase even if they are indeed heterogeneous, which can reduce the backstresses [12].
The intragranular backstress model proposed in this article is of the second kind, using a
homogeneization procedure, but taking into account the plastic accommodation [12]. The
model needs the knowledge of the dislocation microstructure geometry and the volume
fraction of walls (hard phase), which are evaluated thanks to TEM observations. A careful
validation, using experimental back stress measures taken from the literature is discussed.
If the mechanical test is followed by a recovery time, it is well known that the previous dislo-



-cation microstructure can be recovered, even if no remote stress is applied. Walls
dislocations are in fact often made of edge dipoles [6,8]. In situ. recovery experiments of Prinz
et al. [61 show that edge dipoles can annihilate if the temperature and recovery time are large
enough. This takes place even if no remote stress is applied. This means that tensile stress
assisted climb is perhaps not the only recovery mechanism. A model of annihilation without
stress assistance is described and another attempt of validation is made. Finally, the two
proposed models are discussed, with respect to the material parameters identification and to
the macroscopic behavior prediction of fatigue tests with recovery times.

ENTRAGRANULAR EACKSTRESS MODELLING
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The dislocation densities of wails (hard phase) are high; ~w O~ .in the hard phase, the
dislocations form edge dipoles which are sessile and dense obstacles to mobile dislocation
g~lide. Inside the cells or in the channels (soft phase), the dislocation densities are on the
contrary rather low: p,<lO'4M2. In the soft phase, the dislocations are enerally mobile edge
or screw dipoles. TEM in-situ observations on FCC metals show that the walls stop the sip
lines and that the glide speed of mobile dislocations is smaller near the walls than inside the
cells or in the channels [14,15]. That's why the hard phase will be considered as a pure elastic
one and the soft phase as the only elastoplastic one. Following Langlois and Berveiller [5], an
autocoherent homogeneization model is applied to the two phase single crystal. Let us
consider for example a spherical cell (Fig. 2). This two phase cell is supposed to be embedded
in an infinite matrix whose behaviour is the average one, that is the average single. crystal
behaviour we try to compute. For the sake of simplicity, only single slip is considered. Then,
the backstress, xiu,,,,,, is obtained:

with p. the elastic shear modulus, f3=2(45v)/l5(1-v) (Eshelby's analysis for a spherical
elastoplastic inclusion), v the Poisson ratio and f' the average single crystal plastice slip.
Following Kroner's analysis, this formula considers elastic interactions between the matrix
and the two-phase cell. But, it is well known that a plastic accommodation takes place for
large plastic strains, which decreases the backstress level: Eq. (1) can overestimate the
backstress level [12]. Physically, there are heterogeneous plastic strains near the interface
between the two-phase cell and the average matrix, which induces an accommodation of the
backstress. To take this effect into account, a classical model has been used which introduces
the elastoplastic secant moduli and an accommodation factor. This factor is quite equal to 1.
for low plastic strains (Eq. (1)) and is much lower than 1 if the (/rc) coefficient is large

enough. Finally, using the accommodation factor, the final formula is obtained:

4Ff ~~- p(2)

Similar formulae can be given for other microstructure geomnetries, which could be modeled
as homothetic concentric ellipsoidal, introducing a geometrical factor which depends on the
ellipsoidal axes factors (see [ 1 1]).
For the validation of the model corresponding to Eq. (2), two geometries have been used.
They seem to be rather representative of the two-phase dislocation microstructures
corresponding to the tests and materials we refer to (Fig. 2 and 3). The geometrical factor for



the infinite hard phase cylinder embedded first in soft phase and second in matrix is equal to
l/4(1-v) (about 0.3 6 if v=0.3) instead of (-) for the spherical cell (about 0.524 if v=0.3)

-~~~~~~~~~ ~~~~hard phase
S AŽ&4

.20:.¾ 71~~~~~~~~~~~~~~~~~~~~~

5. . ... ym....~~~~~~~r ':oft phas

-ls tel36L.60.Eaml fth perclan h goer s peid

Faioue 1atige observation mosrinurin aTFgue 2al Silmlfed frcelln mode (hghcy

The validation uses several results from the literature. Various FCC single crystals and

curve it is possible to measure the kinematic stress (or backstress, that is the centre of the
elastic domain) and the isotropic stress (or friction stress) [20]. The wall volume fraction f,
used in Eq. (2) has been determined (mainly by the authors of the experiments) using the
TEM pictures [8, 10, 16-20]. The comparison is given in Fig. 4 and Table 1. The model and the
experiments seem to generally agree. It should be noticed that no fitted parameter has been
used.
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Figure 3.Used simplified xwall/cell geo- Figure 4. Comparison between the backstress
metry (low cyclic strains). The wall is model (Eq. (2)) and the experimental measu-
modeled by an infinite cylinder and the -res taken from [ 10, 16]. The volume fraction
geometry is periodic. The wall volume used in Eq. (2) are taken from [ 17,18]. Cop-
fraction is f, -per well-oriented crystals, cyclic strains.



metal 7p xintra Xintra f11 metal T Pw Trecoveiy Trecovery
loading 1021 exper. model ('K) (m-2) TEM(h) model(h)

(Wa) (MI~a) (10 o15)
Cu [8] 38.2 44. 26. 15.4- 0.2- Cu 678 1. >16. 42.
monotonic 20.5 0.25 [6]
Cu [10] 1. 28. 11. 4.- 0.1- Al 453 0.5 >30. 42.
cyclic 16. 0.3 [21 _________________
Al [19] 0.28 14.5 3. 2.8 0.17 453 2. 3.5 3.
cyclic Al 393 1.-2. 100. 766-383
3 16L [20] 0.2 60. 3-2. 30 0.5 [22]
cyclic 43 3 1.-2. 20. 25.-12.

Ag 483 2.5 > 1. 250000.
[23] (recryst.)

Table . Comparison between model (Eq. Table 2. Comparison between the
(2)) and experimental backstresses. Single predicted (Eq. (9)) and experimental
crystals. Room temperature. For cases 1, 2 recovery times. Single crystal (cases 1, 2),
and 3: spherical cell model (Fig. 2). For polycrystal (case 3, 4).
case 4: cylindrical wall model (Fig. 3).

RECOVERY OF THE DISLOCATION MICROSTRUCTURES

Due to the moniotonic or cyclic loading, a dislocation microstructure is supposed to exist in a
single crystals or in grains of a polycrystal. A recovery time at high temperature, without
remote stress is applied. It could induce the disappearance of the dislocation walls because of
the edge dipole annihilation (see [61 for in-situ recovery observations). An atempt is now
made to predict the critical time for a quite complete recovery without remote stress and for a
give tmeaure T. The following assumptions are made: the dipole annihilation is due to
vacancy diffusion. The vacancy concentration is very large in the dipoles, between the two
opposite edge dislocations. But, the concentration outside the dipoles is much smaller. The
Fick's continuous diffusion laws are supposed to be able to describe the diffusion from the
dipole centers to the even if the dipole thickness is about a Bu~rgers length b. The distance
between two near dipoles is about J/pQC. which is much larger than the dipole thickness. As
to make simple D computations, only the spaces between the dipole edge dislocations are
modeled because the space height is greater than the dipole thickness (the height is greater
than the dipole annihilation distance which is about 1.6 nrn for copper). The isolated dipole
problem corresponds to the thin plate problem with a cv,o vacancy concentration. Following
[24], the concentration depends on the abscissa and time:

with D the self-diffusion coefficient (vacancy diffusion). It is thermally activated:

D(T)=m ex{ +J (4)



with DO and Q material parameters (coefficient and activation energy), R=8.32 13,24]. As
Fick's laws are linear equations, the concentration corresponding to the periodic wall case can
be easily computed:-

V~~~~~~~
cv(xj#~ b Z X ix+_ (5)

Before diffusion, the equilibrium vacancy concentration, in the wall, far from a dipole, is
given by:

tveqzr i{,~Jx$ £T 2<1 (6)

with the vacancy formation entropy AMv [ 13,24].
After a long recovery time, the vacancy concentration is supposed to be quite uniform in the
wall. The final wall averagTe concentration due to the dipole vacancy diffusion is:

cw~~~~cv~~~ob pw ~~~~(7)

It is much larger than the equilibrium concentration before diffusion. Therefore it is a very
good estimation of the final vacancy concentration in the wall. To compute the critical
recovery time, the following criterion is used:

o'(0.irecov ety f (8)

It means that the concentration is almost homogeneous in the wall and leads to a critical
recovery estimation:

trecov ery' (9)

A homogeneous vacancy concentration in the wall mean that TEM observations of the
corresponding samples should not show clear walls any more. This is used for the recovery
model validation. Several recovery (bulk) experimental results have been taken from the
literature. Experimental critical recovery times have been evaluated using the TEM Pictures
given for different recovery times. Computed and experimental recovery times are given in
Table usinco the macroscopic self-diffusion coefficients [24]. They agree quite well, except
for the silver case for which recrystallization takes place during the experment.

DISCUSSION

Two main mechanisms of the cyclic behavior of FCC metals and alloys with or without
recovery times have been- modeled. First, the intragranular backstresses due to pure fa~,ti-gue
Microstructures are computed, using a hornogeneization procedure. The model has been
checked in the single crystal case comparing with eperimental results taken from the
literature. It should be noticed that a model of geometry ad volume fraction of walls has to
be used as to propose predictions independent of TEM observations. The two-phase
dislocation microstructure formation seems to depend on the cross-slip activation [3]. High
enough stress has to be applied as to activate cross-slip and build tangles and walls.
Otherwise, the slip is only planar and pile-ups form which induces backstresses. This is a



supplementary backstress source. This could explain the difference between the predicted and
experimental values for very low strains for copper crystals and cyclic loadings (Figure 4).
Second, the necessary time for recovering of the dislocation microstructure can be easily
computed, supposing vacancy diffusion from the edge dipoles which form the walls. This
very simple model gives satisfy'ing predictions referring once more to several experimental
results from the literature concerning various FCC metals.
This work completed our previous one which allows the prediction of the necessary cyclic
hold time for avoiding the dislocation microstructure formation during real creep-fatigue
because of faster stress assisted climb of the dipole edge dislocations [13,7].
These models are dedicated to the single crystal or grain behavior. To be efficient, they have
to be taken into account in another hormogeneization model which could allow the grain-

plcytal tr-;n3 an d the comuttin'fthe mnacroscopic behavior [ 12].
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