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Table 1 Schemies of various loading paths i the space /3, ¢)

Tension-rorsion ion- Altemating Tension-torsion |  Tension-torsion Tensian.
Qax/y compression ntslon =176 =0 compression
T=0 =0 q=2 nd torsion

dtemarely

&) = e, sin(gqeot)
1) = yo sin(wr — ¢)
A= Yo/gy

of each alternation); Yo and g; are the amplitudes of strains, w the frequency of
oscillation angd ¢ is the phase lag between the two sinusoidal signals. Ali the
tests were conducted with g = |, except the butterfly test which was conducted
with g = 2,

It was clearly demonstrated that the Breatest Overstrengthening effecs were
obtained with g phase lag equal fo 90° and 4 ratio 1 = J3 (8. Nevertheless,
other tests which qualify ag Ron-proportiona| enhance overstrengthening, for
example the cross-test or the butterfly test 9).
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fault energy (SFE). To some extent, in polycrystals the grain boundaries and
the orientation of grains i.e. crystallographic textures may play a major role
and between the interior of grains and in the grain boundaries vicinity, different
deformation modes are expected to appear.

To compare the various results reported in the literature regarding the
influence of non-proportional loading paths, we have basically to define the
types of deformation mode which are generally encountered under proportional
loading paths.

For the sake of simplicity we must define firstly the microstructural features
and their mechanical behaviour under straining. For this purpose the main
deformation modes which were observed are reported in Table 2 as functions
of the plastic strain amplitude and the cumulative plastic strain. We use the
terminology defined elsewhere (16-18). Typical microstructures observed in
polycrystals are shown in Fig. 1.

Table 2 Denomination of the most common dislocations arrangements, for
increasing values of Ag,/2 or P,

Phase Matrix Wali Cell

Planar slip bands ~ (simple slip)
or dipoles and

multipoles . P.SB-Ladgier
or/and langles Yeins (simple slip) Celi
Structure Channels Labyrinth
(multiple slips)

In the matrix phase, veins (high density of dislocations, p = 3.10'%) and
channels (weak density of dislocations, p = 10'?) have the same volume fraction.
The veins primarily consist of edge dislocations with an average Biirgers vector
very close to zero. Thus the veins do not produce a long-range internal stress
under a zero applied stress (19). At finite applied loads large internal stresses
are expected to appear due to the polarization of dipoles patches. As the applied
stress increases, the vein structure becomes unstable and it was calculated that
the Nabarro-Taylor lattice evolves 1o form walls (p = 2.10'% to 6.10'*) and
channels (p = 10'3) (wall phase) typical of the ladder-like structure of persistent
slip bands {PSB). These two phases, mamely the matrix (veins and channels)
and the wall (walls and channels) are associated with single slip. When two slip
systems are required to accommodate the deformation, it was observed that
the labyrinth dipolar wall structure occurs, resulting from double polygonization
arrangements of edge in character dipolar loops with two Biirgers vectors on
any of the two activated slip systems {20, 21). Moreover, as the deformation
proceeds or as the applied strain increases, a cellular network takes place. These
latter siructures are associated with multiple slips and/or dislocation cross slip.
It was shown that a PSB or a labyrinth structure could evolve progressively
into cells during extensive cycling (18, 22). Then it appears that wall and labyrinth
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R

Fig I Transmission electron microphotograph showing the structures defined in Table 2: (a) veins;
(b) PSB; () Labyrinihs; (c) Cells-316-type austenific stainless steel (22).

structures have to be considered as transient phenomena (22). Nevertheless these
structures are obviously associated with a characteristic slip multiplicity. As it
was formerly explained for veins, each microstructure would be associated with
particular long range stresses (23).

The propensity of the material needed to exhibit the preceding microstructures
strongly depends on the stacking fault energy (y).

It was shown that in high SFE materials (aluminium for example) the
deformation proceeds mainly from cell formation in a wide range of applied
strains (24, 25), whereas for low SFE materials, planar slip takes place and cell
formation occurs only at large applied strains (22, 26, 27). Then it clearly appears
that the ratio y/(ub) is a better parameter than the stacking fault energy
(1 = shear modulus, b = Biirgers vector) {28). The ratio y/(b) is related to the
stacking fault ribbon width, which generally characterizes the cross-slipping
ability of FCC materials. As previously proposed, the deformability of the cyclic
structures (veins, ladders, labyrinths, cells etc.) should be characterized by the
ratio P of the volume occupied by the hard zones (ex. walls) divided by the
volume occupied by the soft zones (ex. channels) (29). The value of the ratio P
is about 0.5 for veins and 0.1 for labyrinths and PSB. This ratio decreases when
the cell structures appear in the matrix.
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In fact the structures which were defined above would be simultaneously
observed in cyclically strained polycrystals. Nevertheless, in the following we
will try to discuss the average microstruciures which were reported by various
authors. As shown previously (16, 18, 29), in polycrystals the cyclic microstruc-
ture may evolve following a trend similar to the one observed in monocrystals.
Several results obtained by various authors are included in Tables 3 and 4
which refer respectively to proportional and non-proportional loading paths.
In these tables are also indicated the stacking fault energy, the ratio y/(ub) and
the applied plastic strain range corresponding to the tests.

Table 3 Deformation moedes in FCC alloys under proportional loading paths: the stacking fault
energy (SFE), the strain range (Ae .. VM/2) and the authors, are also indicated.

pequ

Metals and 2x107% 10-* 193 102
solid solution SFE P71 (7]10) R S R Freaas Faveeendoeh -+ A2 Refl
alloys {(mIm?) (1073 5%107% 5x107% 2xi073
Al{pure), oo + Formmrea- +
Al-Mg, 135 189 Cells Cells (24)10)
Al 6061 k)]
dommmm e ommemanns doeemmnneeen +--+
Al-0,7%Li Uncondensed Elongated cells Cells  Cells  (29)
Cells Labyrinth
Walls-Channels
+---+
Ni {pure) 125 6.3 Cells (1)}
-nu + .......... + ----------- + _______________
Cu (pure) 45 38 Dipoles PSB PSB Cells (15}
Veins Labyrinths
. drommmmmeees +
CoddNi 45 2.55 Walls—channels {32)
Elongated cells
dorerennonns +
310 40 1.76 Planar slip (1)
Some walls
dommmmmnneees R S
316L 25 1.1 Dipoles, Multipoles Tangles, Veins PSB Cells- (22}
Planar slip Some cells  Cells twins (2, 15)
Labyrinths  (30)
A + et
304 20 088 Planar slip Elongated Cells (3K10)
Some walls Cells
Faranennns Fomemmemmm e +
Co33Ni 15 0385 Patches Walls-Channels (32)

Cells
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Tabled Deformation modes in FCC alloys under non-proportional loading paths (TTQ and Cross):
the stacking fault energy (SFE), the sirain range {Ag,q, YM/2) and the author’s, are also indicated.

Metals and 2x 1073 10-# 0% 10-2
solid solution SFE P7(171)) R +eamees +oee- e +-----+-+- Ac /2 Ref.
alloys (mJm?) {1079 5x10°8 S5x1077 2x10°?
oo + -t
Al (pure) 135 18.9 Cells Cells {10)(3)
Al 6061 TTQ AH = 0% Cross AH = 0%
+---+
Ni (pure) 125 6.3 Cells 3)
Cross AH =27%
Fome e Framnnnenees + -t
Lahyrinths Cells {10X3)
Cu {pure) 45 3.8 Uncondensed cells I cells
TTQ 30% < AH < 50% Cross AH = 22%
dommmme s +
Co44Ni 45 2.55 Cells (32)
TTQ AH < 28% AH = 47%
s +
310 40 1.76 Cells—Labyrinths (10}
TTQ 28% < AH < 55%
T +ot
316L 25 11 Cells-twins (15)30)
TTQ 20% < AH < 72% (34)31)
+ot +----t
304 20 0.88 Cells-Labyrinths Cells {10)}3)
TTQ 31% < AH < 58% Cross AH = 22%
+omnes LT eETEREREEERE +
Co33Ni 15 0.85 Cells-Stacking faulis (32)

TTQ 15% < AH < 28%

The comparison of the deformation microstructures observed under propor-
tional loading paths (Table 3) and under non-proportional loading paths (Table
4), shows clearly that the structures of dislocations which are linked to slip
multiplicity (labyrinths and cells) appear at a smaller plastic strain during
non-proportional loading than during proportional loading. Broadly speaking,
it is observed that the overstrengthening effect is associated with a decrease in
the P-ralio corresponding to the domain in which deformation modes are
characterized by veins or PSB and labyrinths. On the contraty, in the domain
in which cells take place, it was observed that the overstrengthening effect goes
hand-in-hand with decrease in cell size.

A carelul examination of Table 4 clearly shows that the dependence on the
non-proportional overstrengthening effect is associated, on the one hand, to the
7/(ub) ratio and, on the other hand, to the applied plastic strain. Figure 2 shows



MICROMECHANISMS OF PLASTICITY 27

A Al(10]
® culi0)
© 310{10]
(%) + 304 (10]
+ 316L (31)

® 316L(15]

o A xh O 3160 M)

Ae, VM2 (107

Fig 2 Variation of additional hardening ratio vs the von Mises equivalent plastic strain.

the main results obtained with the out-ol-phase loading paths in a wide range
of applied plastic strains for a large variation of the y/(ub) ratio. The
overstrengthening phenomenon can be quantified with the additional hardening
ratio measured at a given equivalent plastic strain.

AH = lOO(Znnn proportional z:’pmporlionnl)
p

proporiional

Firstly let us consider the case of copper for which the AH ratio increases as
the applied strain decreases (Fig. 2). In fact this effect is fairly well correlated
with slip multiplicity. Generally, the slip multiplicity increases with the plastic
strain amplitude range in proportional Joading paths. The overstrengthening
effect being linked to the slip multiplicity, there is a plastic strain level at which
the overstrengthening effect associated with the non-proportional loading path
decreases when the applied plastic strain increases. It appears that the maximum

under proportional loading paths to the cell structure under non-proportional
loading paths. A similar comment could be made about the mechanical
behaviour of various austenitic stainless steels. Schematically one can consider
that the higher the slip multiplicity [rom ATC-TTQ the higher the over-
strengthening and that the decrease in SFE enhances this phenomenon. In the
same way, it is interesting to plot the whole result in terms of latent hardening.

Following the results obtained elsewhere, Fig. 3(a) (33), we report in Fig. 3(b)
the variation of the AH ratio as a function of the ratio y/(ub). At y/(ub) > 1.1,
it appears that casy cross slip (a narrow stacking fault ribbon) reduces the
overstrengthening effect (AH). Nevertheless at very low y/(ub) ratio (y/(ub) < 1.1
— left part of the curve) it would seem that AH could decrease when the 7/(ub)
ratio decreases as suggested by the results obtained on Co~33Ni (32). This fact
is not at the present time very well established and therefore it necessitates
further work.
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Fig 3 Influence of the ratio y/(ub): (a) on latent hardening under tension tests (33), and (b) on
overstrenglhening under non-proportional cyclic tests,

A similar behaviour was observed elsewhere (33) about the latent hardening
anisotropy (Fig. 3(a), LHR' = /7, 7% = initial CRSS on the i secondary active
system, 7 = final CRSS on the primary active system). Nevertheless the
maximum of the hardening anisotropy observed in Fig. 3(a) was obtained for
7/(1b) ratio corresponding to the value associated with silver, i.e. yAub) = 2.6.
In our case, the AH ratio maximum is observed at 7Aptb) = L.1. In our opinion
such a discrepancy could originate from the decomposition of the AH ratio in
friction and back stresses. The maximum hardening anisotropy and/or the
maximum overstrengthening effect suggest that a critical dislocation dissociation
could exist. It can be interpreted as follows: in the domain of higher y/{ub) the
partial dislocations move together and have to recombine lor cross-slipping. In
the low y/(1b) domain, the stacking fault ribbon is large enough to allow the
independent moltion of the partial dislocations and the obstacle can be just
passed without any need of the recombination process (33). Nevertheless, we
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Figd Diagrams showing the partitioning of eyclic stress: (a) back stress (X) and friction stress (ZI)
shown on the hysteresis loop; (b) location of A and B points in (he stress space.

must keep in mind, that a very low SFE, will favour mechanical twinning and/or
martensitic transformations, These deformnation modes are expected to [avour
the overstrengthening eflfect. From the studies in which mechanical twinning is
reported, it appears that under out-of-phase loading paths, twinning deformation
occurs at a relatively low plastic strain (15). This fact agrees with the existence
of a critical stress corresponding to twinning nucleation (15).

In some studies the effect of temperature was also examined (34). Mechanical
results and dislocation configurations are in agreement with the fact that a
temperature increase will enhance the stacking fault energy, and overstrengthen-
ing will progressively vanish. From this first part it appears that the ratio y/(ub)
and the slip multiplicity could partly explain the mechanical behaviour under
complex loadings.
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Cyclic Stress Evolution in Terms of Back Stress and Friction Stress

Nevertheless this approach is partially inadequate. It has recently been shown
that cross-slip is not only dependent on the y/(1b) ratio, but also on short-range
order or short-range clustering in solid solutions, precipitate shearing, and
dynamicsteady-state separation of partials (35-37). It has been shown previously
that slip multiplicity enhances overstrengthening, but this latter could originate
either from a {riction stress or from a back stress and more generally [rom cyclic
dislocation features, which are often very well defined. As a matter of fact,
heterogeneous deformation structures enhance long-range stresses (23). Very
few results have been reported to account, on the one hand, the short-range
dislocation interactions and, on the other hand, the long-range stresses. So far
the overstrengthening effect under complex loadings was modelled essentially
at the isotropic level using an interaction matrix in the writing of the isotropic
component (rs) on slip systems (38), i.e.

rs =¢q Som {h, [l — exp(—buv)]}

re§

where rs represents the isotropic component of the hardening on s system h,
is a component of the interaction matrix and v, Is the accumulated viscoplastic
shear strain on each system r, while b is a numerical constant.

This procedure was very fruitful but not reaily representative of the mechanical
behaviour. Partitioning of the cyclic stress in a back stress and a friction stress
must be carried out for a better understanding of the micromechanisms of
plasticity under complex loading paths.

Back Stress (X) and Friction Stress (£f) Measurements

These concepts are very common in the literature, but there is no precise
definition of these stresses, cach author having his own point of view. In the
present paper, as a definition of back stress, we will consider the stress associated
with a local strain process which induces a long-range interaction with mobile
dislocations. The friction stress is the stress required locally for a dislocation
to move.

Numerous experimental methods to determine back stress and friction stress
were reported in the literature (dip-test, relaxation-test, Cottrell method, etc.)
specially for proportional loading paths (39-43). On the contrary, these stress
component measurements are seldom undertaken under non-proportional
loading paths. In fact such measurements need the removal of one component
of straining.

The stress partition, previously proposed by Cottrell (41), and discussed in
the past by Kulhmann-Wilsdorf (42) is carried out on a hysteresis loop. The
principle of this method is described in Fig. 4a. Nevertheless, this partition
necessitates a strong hypothesis: the activated back stress in the elastic domain
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{between A and B points) must remain constant during back straining, Some
parameters, like temperature, plastic strain rate, or mechanical control {iotal
strain or plastic strain) can break this hypothesis. Further comments on this
S'_lbject are available in a specific publication (43). Furthermore Cottrell’s method
gives information on the value of the back stress, X, corresponding to a particular
state of stress, although no information is available on X-rate. Nevertheless in
the following we will consider that Cottrell’s method allows reliable measure-
ments of the back stress (X), to be obtained as only comparative results are
discusged.

Sorne authors (6, 7) obtained values of the back stress and the [riction stress
temporarily removing the shear stresses component. Then Cottrell’s method
can be used on the tension—compression hysteresis loop. In fact, to obtain a
‘_Stabilized hysteresis loop, many cycles in-phase are required which generally
induce a softening period. This method allows a back stress and a friction stress

assoCiated with a residual overstrengthening to be identified. Another alternative
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Fig 6 Deformation modes in a Ni-base alley (7): (a) under a proportional loading path; (b) under
a non-proportional loading path.

can be proposed which involves identification of the B-point location and the
measurement of § angle (Fig, 4b). B location is obtained by reversing the tension
stress under a nil shear stress. 8 is the angle between the plastic strain rate and
the tension axis at A-point.

This approach was used in solid solution alloys (32, 44) and it was shown
that the overstrengthening effect can originate either essentially from the back
stress for Co33Ni or from both friction stress and back stress components for
Co45Nt

These measurements were made on two metallurgical conditions in Waspaloy
which is a precipitate-strengthened alloy. The underaged state (UA) corresponds
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Fig 7  Cyclic behaviour of Ni-base alloy Az, VM/2 = 0.5%) (7, 47): (a) influence of various load
paths; (b) friction stress (Zf) and back stress (X) components (R = Ef + kg ko initial yield stress).

to a p* diameter of about 10 nm, and the overaged state (OA) to a ¥ diameter
¢ = 1 50 nm (6). Under proportional cyclic tests a strong Rauschinger effect is
expected to occur for the overaged state (6). Figure b) clearly shows the
influence of the precipitate size on the back stress (X). It was reported elsewhere
(45) that the Orowan by-passing process around Jarge particles enhances the
back stress component. If is now interesting to examine the mechanical
behaviour in such alloys under complex loading paths. Whatever the loading
Pﬂt}.l, it is observed that an increase of the phase lag goes hand-in-hand with
an increase in the equivalent cyclic stress, Fig. 5(a), (46, 47). It was reported
that this overstrengthening effect is associated with slip multiplicity (4, 6, 7, 48).
Ne"ertheless comparing the slip multiplicity of the two conditions of the alloy,
Fig. S(b), would suggest a similar behaviour whatever the precipitate size. Figure
7(b)' Clearly shows that the overstrengthening effect proceeds mainly from either
a friction stress component increase (UA state) or from both the X component
and the friction stress component (OA state).
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Fig8 Cyclic behaviour of 2024 aluminivm alloy (Ae,., YM/2 = 0,35%) (6): (a) influence of various
loading paths; (b) friction stress (Z/) and back stress (X) components (R = X1 ko, A, initial yield
stress),

The slip multiplicity concept no longer applies in such experiments. In our
opinion, the back stress component increase under a 90° phase lag in the QA
state proceeds from two phenomena j.e. the latent hardening and the y' shape
evolution during straining (Fig. 6). The y' shape is less modified under complex
loading paths, Fig. 6(b), which would enhance the back stress. As a matter of
fact such an evolution in shape strongly suggests a more appropriate writing
of the back stress on the slip systems instead of the phenomenological law
generally used.

All results obtained for Waspaloy are gathered in Fig. 6; two remarks must
be noted.

i) Overstrengthening effect for the underaged state is a transient phenomenon
followed by a drastic softening, Fig. 7(a);
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Fig 9 Deformation modes in 2024 aluminium alloy (6): (a) in-phase tests, dislocation loops; 1))
out-of-phase tests, Lomer locks.

(ii) Some particular loading paths (butterfly) lead to an overstrengthening effect
greater than that obtained with a 90° out-of-phase. To our knowledge at
the present time only a micro-macro approach (9) can account for such a
complex effect above all in the case of the butterfly test. The physical basis
of the overstrengthening is not clearly understood in terms of siress
partitioning. Nevertheless, it was found that the butterfly test enhances slip
multiplicity (47).

The mechanical behaviour of the aluminium alloy 2024 was also studied
(underaged and overaged states). Unlike pure aluminium (10) it was shown that
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Fig 10 Mechanical behaviour of titanium alloy Ti-6246 (50): (a) influence of the loading path; (a)
influence of the loading path; (b) definition of turning cross-test in (g, 7//3) space.

a slight overstrengthening effect appears whatever the heat treatment in 2024,
Fig. 8(a) (7, 47). The associated deformation modes i.e. dislocation loops spread
in the matrix and Lomer lock formation, are related to slip multiplicity which
is enhanced by non-proportional loading paths (Fig. 9). 2024 alloy dislocation
features are the results ofdislocation/precipitate interactions and of the influence
of copper and magnesium atoms on planar slip via the stacking fauit energy.
Meanwhile in that case the overstrengthening effect results mainly from the
friction stress component behaviour whatever the heat treatment used.

By comparing the mechanical behaviour of the two overaged alloys (Waspaloy
and 2024) the influence of a very localized slip is demonstrated. In 2024 alloy
the mean free path of dislocations is of the same order of magnitude as the
average distance between precipitates and in that case 8’ precipitates do not
actually experience dislocation by-passing. Localized slip will favour a very
large mean free path so numerous dislocation loops are expected to appear
around §' precipitates. The influence of the back stress on the overstrengthening
effect in both alloys agrees fairly with the preceding microstructural remarks.
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BCC Structures

Very lew results are available on BCC alloys which were tested at ambient
temperature and under low applied strains; the mechanical behaviour would
depend on sessile screw dislocations and Cottrell atmospheres. Under high
applied strains or at high temperatures, the mechanical behaviour is expected
to be similar to that observed for FCC alloys (49).

Dual-phase Alloys

Some results were reported on the behaviour of complex alloys such as
dual-phase alloys or a/f titaniom alloys under complex cyclic loadings. In our
opinion these results show that physical parameters used in the first part no
longer apply to such materials. The tests reported here were carried out on a
titanium alloy a/ff (x-phase HCP and fB-phase BCC). In this alloy, localized slip
isenhanced in the a-phase by Ti,Al precipitates (50). The experimental procedure
involves a 90° out-of-phase test and a turning cross-test (see reference (51) and
Fig. 10}. Softening occurs in this alloy under proportional loading path; the
90° out-of-phase test enhances this effect, whereas this effect vanishes under the
turning cross-test. It appears that to turn around the elastic domain or to cross
through it would induce a very different mechanical response. It is worth
emphasizing that a similar remark could be made on the butterfly test on
Waspaloy (9). From cyclic stress partitioning it appears that the back stress
component bears the main part of the mechanical response (Table 5) (51).

Table 5 Mechanical parameters and stress partitioning results in 6246 tilaniom alloy (50)

Pam (1073) A, VM2 AL, VM2 AX, VM/2 AT, VM2

(MPa) {MPa) (MPa)
ATC 400 71073 1177 618 559
TTQ 400 7 x 10-? 1096 - -
Turn. cross 400 Tx 1073 1311 756 555
ATC 2000 Ixlp3 1097 344 553
TTQ 2000 JE -3 1003 453 550

From deformation modes studies it was observed that deformation proceeds
only by prismatic slip system activation whatever the loading path. As expected,
complex loadings enhance slip multiplicity (Fig. 1) whereas the slip multiplicity
remains similar under the 90° out-of-phase test and the turning cross-test. The
decrease in the X component under proportional loading was previously
explained (50). It proceeds by progressive exhaustion of the back stress at the
aff interface whose source is a strong localized slip and/or a progressive
multiplication of a strong localized slip band in the interior of a platelet. A
two-phase approach, similar to the one used previously by others (23), allows
a fairly good modelling of the mechanical behaviour of this alloy at the
microscopic level. Nevertheless the understanding of differences which arise
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between the 90° out-of-phase test and the turning cross-test remains to be
acquired. We are at the present time working on this, and the results will be
presented later.

Conclusion

In the present paper it is shown that the ratio y/(ub) can account for the
mechanical behaviour of FCC metals. Overstrengthening ability increases as
cross-slip propensity decreascs. Nevertheless this approach no longer applies
to some complex industrial metals and a partitioning of cyclic stress into back
stress and friction stress must be done to obtain a better understanding of the
overstrengthening phenomenon. Complex materials like «/f titanium alloys
exhibit a specific sensitivity to non-proportional loading paths related to back
stress evolution. In a wide range of materials (like BCC and HCP alloys) very
large domains on the influence of complex loading paths on mechanical
behaviour remain unexplored.
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