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ABSTRACT

In this paper the effect of nonproportional loading on the cyclic
behaviour of various materials is first reviewed. An attempt is made to
analyse the influence of microstructural features on the amount of
extra-hardening observed for complex out-of-phase loading. In particular
the infuence of the stacking fault energy in FCC materials and the
interaction mode between dislocations and precipitates is emphasized.

Then, experimental results obtained on 316L stainless steel are
given. Tubular specimens were subjected to combined tension and torsion
tests with various values of the A' ratio (A\'= AY/L¢)}, Microstructural
observations were made by SEM and TEM. The number of slip planes activated
per grain was measured and the dislocation substructures analysed. The
extra hardening observed in 316L stainless steel - especially for A' values
near JE'- is related to both an increase in slip activity and the formation
of abundant mechanical microtwins.

A micro-macro model in which the crystallography (graing and slip
systems) is introduced allows numerical simulations of the tests performed.
Phenomenological variables are used to describe the hardening on each slip
system. The predictions of the model are compared to both the mechanical
results and the microstructural observations.

INTRODUCTION

The effect of nonproportional loading on the cyclic behaviour of various
materials

Multiaxial low cycle fatigue has been intensively investigated
during the last past decade. Large amounts of results dealing with extra
hardening effects induced by non proportional loadings have been published
(see e.g. [1,2]).

As far as modelling is concerned one may distinguish on the one
hand, a "curve-fitting approach" based upon non-proportionality factors
(Kanazawa et al [3], Ohnami et al[#])} and incremental plasticity approaches
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using Mroz or memory surfaces models (Benallal and Marquis [5], Megahed [6]
and McDowell [7]), on the other hand. Though, except Nishino et al [8],
Clavel et al [9] and McDowell et al [10] who performed TEM observations,
very few authors tried to elucidate the microstructural mechanisms of
additional hardening. The explanation often proposed for this phenomenon -
i.e. the raising of internal stresses by strong interactions between the
numerous slip systems activated because of the principle axes rotation - is
only qualitative.

From a compiling of data taken in the literature {3, 11-16] we will
first try to draw general rules on the influence of certain.microstructural
features on the occurrence - or absence - of additional hardening.

The cyclic behaviour of wvarious materials for a given plastic
strain amplitude {i.e. Aépeq wises = 0.5%) 1is reported in Table 1. The
uniaxial cyclic stress amplitude is compared to the monotonic tensile
response and the amount of additional hardening observed for 90°
out-of-phase loading above the uniaxial stress amplitude is given.

The examples of mild steel, copper {S.F.E. = 50 mJ/m?) and 316L
stainless steel (S.F.E. = 25 nJ/m?) presenting 22, 33 and 73% additional
hardening respectively indicate that the main parameter governing solid
solutions work hardening is the degree of ease in cross slip. Temperature
may be expected to have a large influence as well,

Then the uniaxial cyclic behaviour also has to be considered.
"Strong" materials - whose ratio urs/o, ,, is, according to a classical
engineering rule smaller than or equal to 1.2 - are prone to cyclic
softening under uniaxial loading. This tendency seems to be enhanced under
out~-of-phase 1loading since it counteracts the hardening effect of multiple
slip activity thus giving rise to null (12% Cr steel) or weak hardening (1%
Cr-Mo-V steel). On the other hand, strong additional hardening has to be
expected under out-of-phase loading for ‘"soft" materials - U.T.S./ob.22>
1.4 - provided that they are solid solutions or contain unshearable
precipitates such as 316L stainless steel, Waspaloy containing large 7!
particles, and that their 'eyeliec hardening potential® is not almost
exhausted under uniaxial cyclic loading - cf copper -.

As concerns precipitation-hardened materials whose precipitates are
shearable, the hardening of the maxtrix may counterbalance the softening
due to particle shearing - see e.g. Alloy 718 - or even exceeds it as is
the case for Waspaloy which contains small Y' but has a U.T.S./cb
equal to 1.57.

The present study, devoted to 316L stainless steel whose cyclic
behaviour has proved very sensitive to nonproportionality and for which
many data are available, has three principal aims : (i)} investigate the
effect of the A' = Av/A ratic on the multiaxial stress response of the
material. (ii) contribute to the wunderstanding of the micromechanisms of
extra hardening. {(iii} incorporate these micromechanisms into a numerical
model in order to predict the macroscopic behaviour of FCC materials
submitted to any loading path.

2% ratio
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Material and experimental procedure

The chemical composition and the mechanical properties of the 316L
steel investigated are given in Tables 2 and 3. A 30 mn annealing treatment
performed at 1050C° under argon, followed by furnace cooling produced an
average grain size of 50 pm. The specimens geometry and surface preparation
are described elsewhere [13] where the details of experimental procedures
and the definition of equivalent amplitudes are also given. The program of
the uniaxial, multiaxial and sequential tests performed is sumed up in
Table 4. Some test results are also taken from ref. [17] and [18].

Results and Discussion

A) Mechanical results

The cyclic stress response of the material is shown in Fig.l
together with the monotonic tensile curve using Von Mises equivalent
amplitudes - although Tresca type equivalents fit better both the tension
and torsion cyclic stress-strain curves -. It can be observed that, for a
given equivalent plastic strain amplitude, the amount of additional
hardening occurring under 90° out-of-phase loading is governed by the X'
ratio : for test IN1 (A' = 1.8) it is twice that of test IN3 {A' = 5.4) and
1.8 times that of a test taken from ref. [18] for which A' = 0.5.

In order to specify to what extent this additional hardening is
reversible, sequential tests - first 90° out-of-phase tension and torsion
with A* = 1,8 and second, tension-compression with an imposed plastic
strain amplitude - were performed {see Table U)}. The wvariations of the
equivalent stress range during these segquences are drawn in Fig.2, together
with the stress range obtained at the second level without prior straining.
As loading becomes proportional the material softens very quickly but, when
failure occurs, the stress range still exceeds the reference value by 20%
for test IN8 and by 30% for test ING.

These results are to be compared to pure tension sequential tests
results for the same material [19] . After stabilization under a lavge
strain amplitude, the strain memory evanescence at the second level was
slow and never complete {Fig.3).

B} Microstructural observations

SEM observations of specimens outer free surface show that
nonproportional loading generates more homogeneous slip activity from one
grain to another than proportional loading does (Fig.#). Each grain is
actually more likely to take part to plasticity when the principle axes
turn than when the directions of maximum shear strain have a fixed
direction with respect to its crystallographic orientation.

This is consistent with McDowell et al's observation on a type 304
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stainless steel : nonproportional loadings generate a more homogeneous
distribution of deformation products (i.e. o' martensite} [10]. Moreover,
surface rumpling is more pronounced for specimen submitted to out-of-phase
loading and slip lines seem to be somewhat wavy. To quantify the
multiplicity of slip responsible for extra-hardening effects, the average
number of activated slip planes per grain and the mean distance between
intense shear bands of the same orientation were measured on the outer
surface of specimens (Table 5)}. Despite an important scatter it can be
concluded that, for a given equivalent strain range, non-proportional
loadings increase both the number of activated slip systems - the number of
traces per grain reaches 1.9 for test IN3 whereas it is only 1.25 for the
equivalent tension test IN4 - and the mean distance between the intense
slip lines. It is worth noting that this distance increases with the
equivalent stress response obtained, as if the strain localization became
more and more difficult as the matrix hardens. The two results are
consistent with similar observations by Clavel et al [9] for Waspaloy.

TEM observations revealed only ladders, veins or dislocation cell
structures with loose outlines in specimens submitted to uniaxial tests,
but walls, cells and above all, abundant microtwining for specimens IN3 and
IN1 (Fig.3).In the latter case the critical shear stress needed to induce
twining has been reached because of extra-hardening. The average size of
dislocation c¢ells has been measured for three specimens (Table 5). As
usually observed it decreases with increasing equivalent stress range.

The persistence of a certain strain memory effect observed during
sequential tests is thus related +to the permanence of mechanical twins
whereas the softening following the load variation is due to the
rearrangement of dislocations into c¢ells whose size corresponds to the
second strain level.

Modelling

Introduction

Two different scales of inhomogeneity have to be considered when
dealing with the deformation of a polycrystal.

The first one 1is associated with strain incompatibilities between
adjacent grains. These are responsible for local stresses that differ from
the macroscopic stress. The resulting intergranular hardening is described
in the model through a simplified self-consistent scheme leading to
kinematic intergranular hardening. Neither the grain geometry nor its
location is specified.

The second one takes place within the grains. In the model the
local geometry, for instance, the existence of more or less deformed zones
inside the grain, are not taken into account. The hardening of each slip
system 1is represented by a partly reversible component, which is the
kinematical variable, and by an irreversible term, which is the isotropic
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variable. The former relates to long distance interactions such as
dislocations loops left around unshearable precipitates [20] or
dislocations walls [21]. The latter corresponds to short range interactions
such as friction stresses due to particule shearing or dislocation

interactions.

Presentation of the model

The model used in this section has already been described and
applied to 316L stainless steel [22], [23]. Only a short account is given
here. The model is expressed in the framework of wviscoplasticity. As
previously explained, several levels are involved in the constitutive
equations (Fig.6). The viscoplastic character is only present in the
relations written at the microlevel, so that slip indetermination is
avoided, Two main branches are considered in the diagram :

- The "localization" process is the "micro-going-branch"; including
first the relation between the macroscopic variables (stress and

viscoplastic strain tensors : ¥ and EV), and the corresponding ones in each

grain g ( ofand Zﬁ). A simple linear combination is used, with a material

coefficient A accounting for local strain incompatibilities :
o8 =Z+A(E -¢€5) (1)

The second step gives the resolved shear stress Ton each system s through

-~
s .

a projection of the local stress with the orientation tensor m°

s = g8 : m° (2)
- the "homogenization process” corresponds to the.
"macro-going-branch". The viscoplastic strain rate tensor EE of each grain

has first to be calculated from the viscoplastic shear strain rate ¥* on
each system s. The macroscopic strain rate tensor Ev results from the

summation of the ég values.

In the constitutive equations written on a microscale for each
system, the viscoplastic’ shear strain rate is defined as a power function
of the effective stress obtained by the difference between the resolved

shear stress and the hardening variables x* and r® on the system s :

_xs|_,r_.s n

&ﬁ = < il X > sign |78-x°1 {3)

with < H > = positive part of H.

The variable r® represents the isotropic component of the hardening

while x ® corresponds to its kinematic part. A non linear kinematic
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evolution is used for x * and an exponentisl function, which saturates as
the cumulated viscoplagstic shear strain increases, describes the variation
of r*:

(4)

e e e lie
X =e¥ - dx|i

rs =§; bQ h ;exp (-b vy . Iﬂﬂ] (5a)
JEG
with vi (t) = J: ﬁg (r)l dr (5b}

In the preceding egquations, seven material coefficients are used.
One of them defines the intergranular hardening (A in Egq.(1)). The other
ones account for intragranular hardening (c, d, b, @ in (4) and (5)}, and
for wviscosity (K and n in eq.(3)). The initial value of r® is denoted by
r .. Cross hardening is given by the coefficients h of the interaction
matrix. Only octahedral slip is taken into account so that the interaction
matrix is reduced to 12 by 12. Its form is shown in Fig.7. We used here the
Taylor's assumption of isotropic interaction implying  that
h, = h, = h, = h, =1.

Identification for 316L stainless steel

The simulations were performed using two populations of grains,
issued from Ref. [23,25]. They were chosen such as to represent polycrystal
as isotropic as possible. The material coefficients are given in Table 6.

The initial value of the isotropic variable controls the onset of
plastic deformation on each glide system. Both intergranular and
intragranular hardening influence the transient shape of the hysteresis
loop. Intergranular hardening is predominant for éow values of accumulated
plastic strains and quickly reaches saturatioJ? It is worth noting that,
unlike in classical macroscopic models, the asymptotic wvalue of the
isotropic component is sensitive to the loading path.

Fig. 8 shows an example of the resulting stress path calculated for
test IN1, Note that the saturation rate is increased in the simulation in
order to save CPU time.The longitudinal and shear stress ranges predicted
by the model for a given eguivalent strain range -~ Aéeq/2 = 0.5% - are
plotted as a function of the A' ratio together with the measured values in

- Fig. 9. The agreement between calculated and measured stress responses is

good, especially for intermediate A' values. These simulations showed that
the value of the intergranular hardening component measured by the mean
difference between local and global stresses remains very low (= 20 to 30
MPa). It was also observed that for both uniaxial and complex loading, the
kinematic transgranular hardening is of the order of 80 MPa, This
macroscopic value is assessed by using a Taylor factor of 3. Therefore the
main contribution to hardening arises from the isotropic component.
Typically the local isotropic hardening component r® was found to reach
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values of =~ 120 MPa and ~ 220 MPa for IN4 and IN1, respectively. This
significant increase in the isotropic hardening traduces the decrease
in cell size and the formation of mechanical twins (Table 5).

The model also allows an analysis of slip activity in each grain,
represented as an unfolded Thompson tetrahedron (Fig.10a and 10b). The
comparison between these figures illustrates the ability of the model to
reproduce the increase in slip activity dinduced by nonproportional
loadings.

Histograms were drawn, showing the percentage of grains - among
those taking part to plasticity - in which 1, 2, 3 or 4 slip planes contain

at least one system whose accumulated viscoplastic strain, ﬁi cun €¥ceeds

a given threshold Wﬁ?cum. These frequencies are compared to the
measured frequencies of grains showing a unique, double or triple set of
slip line traces at the outer surface of the specimens (Fig.11). The
agreement between the calculated and measured frequencies is good provided
one considers a threshold of 1% cumulated strain for the uniaxial test and
Wy for the out-of-phase test.

This difference might arise from inherent experimental scatter or
from the model which is still at a development stage. Up to now the memory
of the previous strain path is permanent, so that the partial softening
effect observed during sequential tests cannot be represented. In the same
way, the number of slip systems activated under out-of-phase loading is
probably overestimated. Further research has to be made notably to compare
slip activity for tension and torsion. The presence of two distinct
phenomena at the microstrutural level - ie cells and twins formation -
suggests to use a more complex interaction model between slip systenms,
including a fully irreversible term and a partly reversible one [27].

CONCLUSIONS

- The degree of ease in cross slip, the initial "hardenability" of
a material =~ expressed by the ratio UTS/O'O'QZ—, the shearability of
hardening precipitates were shown to be material features that govern the
amount of hardening under non-proportional multiaxial loading.

~ The influence of a mechanical parameter, ie the ratio A' of shear
to axial strain amplitudes, was also specified.

~ The deformation  substructures regulting Tfrom  out-of-phase
loadings in 316 stainless steel were observed. Additional hardening was
shown to be related to both an increase in slip activity and the formation
of mechanical microtwins,

- A rather satisfactory attempt of micro-macro modelling was made;
The model was found able to predict accurately enough both the extra
hardening and the degree of multiplicity of slip observed under
nonproportional loadings,
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[ FCC paterfals 1 BCC caterials ]
Precipitation hardened Solid solutions Texpered Tenpered| Ferrfte {Farrite
Shearable precipitates Unehesrable wartensite Beinita penr;ite
precipitaten
Waspaloy Waspaioy
containing containing 164 staintess
R O T KO W W - boscl [ o
precipitates precipitstes H 2
(&= 8 na) {9 = 90 na) (SFE 50 al/e?) | (SFE 25 xJ/c?)
UTS/0,4 . 24 i.57 1.2 t.7 3.4 2.1 1.2 1,2 1.75 1.52
acyeualan
— ! a1 ~16% 15% +105% +18% -10% softening| +21% +29%
nom -
tension at
L¢ w058
0:::1' 60'1
I +16% ox +35% +33% +73% ox s14% *13%} e22x
eyt
at
&:’::'“-0.51
Rélérence 111 ] 16 | 11} T15] this atudy Tia ] T3t T4t T13]

Table 1 - Uniaxial and multiaxial cyclic behaviour of several materials.

Opons Teye 8R4 a?% . stand respectively for the tensile stress at
€, = 0,25%, the stabilized stress range under tension compression for
Aep = 0,5% and the Von Mises equivalent stress range obtained during 90°

out-of-phase loading for an equivalent plastic strain range of 0.5%.

c

N

Ni Cr

Mo

M [Cu | Si

Co

P

S

0.03%

0.068

12.45117.3]2.52

1.85(0.2[0.53(0.11{0.029{0.004

Table 2 - Chemical composition of 316L stainless steel (weight %).

0.2% proof stress|U.T.S.|Elongation E
(MPa) (MPa) (%) {MPa) (Mga)
321 592 50 180000} 68000

Table 3 - Mechanical properties of 316L stainless steel.
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1 Mi N, N
Test © /_\_.5/2 fk‘Y/Z &O'/z &2 éﬁ?:éses &E:;qses éécqses r
()] (%) | (%) [(MPe}| (MPa) (%) (%) (MPa) |{cycles)
ING 0lo.53 ] 0] 308 0 | 0.53 | 0.38 308 | 2730(b)
IT5 0 0 |0.83| © 165 | 0.51 0.37 2.86 48000
IN7 1.8/90 {0.33 |0.59} 425 234 | 0.35 0.22 430 5000
INt  |1.8{90 (0.5 (0.9 | 520 | 29% | 0.52 | 0.35 530 1612
IN2 0.9{90 |0.51 [0.47| 488 260 | 0.50 0.29 480 2624
IN3 5.4190 10.165]0.9 291 232 | 0.52 0.37 ko3 3818
ING part 1{1.8{90 {0.5 10.9 | 517 | 271 | 0.55 | 0.38 517 1700(b)
ING part 2 0| {a) 0| (a) 0 (a) 0.23 {a) 3644
INS part 1[1.8{90 |0.32 [0.61| 435 247 | 0.35 0.2 439 1700(b)
IN8 part 2 0| {a) 0 { (a) 0 {a) 0.23 (a) 2925
{a) decreasing; (b) interrupted test.
Table 4 - Tests conditions and results.
Test INY IN2 INL INT7 T IN3 115
(A = 0) (A = 0.9) (A =1.8) [ (A = 1.8) (' = 5.H) (A= o)
number 1.25 i.6 1.7 1.5 1.9
of traces , -
per grain (0.4} (0.6) (0.6) {0.5) (0.7)
mean distance | 3.1 pm 4.7 pm 5.5 pnm 4,05 pm 4.3 um
between intense -
slip bands (1.4) (1.6) (2.7} (1.3) (3.2)
mean no
diameter definite - 0.57 pm - 0.68 um |0.8 pm
of cells cells
Table 5 : Quantitative results of SEM and TEM observations. The numbers

between brackets are standard deviations,

A r, b | Q n K c d
(tpa) | (P2 - | (ypa) |- | (MPa. )| (pa) |-
2000 | 50 |20} 50 |25] 50  |3000 1100

Table 6 - Coefficients used for the simulations.
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Fig, 1 - Uniaxial and multiaxial cyclic stress-strain curves using Von
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Fig, 2 - Evolution of the equivalent stress range during seguential tests.

First part : out-of-phase tension and torsion, second part :
tension-compression.
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Fig. - Evolution of the stress range during uniaxial sequential tests

performed by Nouailhas et al [17] on 316L stainless steel.
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Fig. U4 - Micrographs of the outer surface of specimens subjected to :
a) tension-compression (test IN4);
b) out-of-phase tension and torsion {test IN1).
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Fig. 6 ~ The three levels considered in the model.

{(w® and S are reasp. volume fraction of active slip system in a family and

volume fraction of grain of a given orientation : they are taken equal to 1

in the applications of this paper).
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Fig. 7 - The shape of the interaction matrix.
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Fig. 8 - a} The simulated strain path; b) the predicted stress path.
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- Comparison between predicted and experimental Yalues of shear and
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Fig, 10

S1lip systems having undergone a cumulated viscoplastic strain v, . larger
than 0.1% after, '
a) 4 cycles under tension-compression,

b) 4 cycles under out-of-phase tension and torsion at the same equivalent
strain range (\' = 1.8)}.
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Fig, 11 - CalcuZ'Lated frequencies of plasticized grains in which 1, 2, 3 or
4 slip planes contain at least one system whose Y3 exeeds a

. v,cum
given threshold 'Y:,h a) simulation of test INI, b) simulation
of test IN1. :
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