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ABSTRACT. The Discrete-Continuous Model, a coupling between dislocation dynamics and
finite elements simulations, is used for modelling size effects in the mechanical properties of
single-crystal superalloys. Both formation and evolution of the dislocation microstructures
are analysed, and the crucial role of the storage of signed dislocations at the interfaces is
discussed. The onset of plasticity is found to scale as the inverse of the channel width, and
polarised dislocation networks at the interfaces significantly increase the flow stress with
respect to a bulk crystal.

RESUME. Le Modeéle Discret-Continu, utilisant un couplage entre simulations de dynamique
des dislocations et des éléments finis, permet un calcul de [’effet de taille contrélant le
comportement mécanique d’'un superalliage monocristallin. La formation et [’évolution des
microstructures de dislocations sont étudiées, et le role majeur de |’accumulation des
dislocations signées aux interfaces est discuté. L’écoulement plastique est initialement
controlé par la largeur des couloirs de matrice et un éccrouissage fort est justifié par une
accumulation de dislocations d’interfaces polarisées.
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1. Introduction

Single-crystal nickel-base~y /' superall oys are extensively used in applicaionsre-
quiring high strength and fatigue resistance up to elevated temperatures. They mainly
consist of two pheses: aductil e disordered fcc Ni matrix (the y phase) and hard coher-
ent L1, ordered predpitates (the ' phase), regularly distributed in rougHy cubaddal
shapes with faces parallel to the {100} planes. A substantial increase of the maao-
scopic flow stressof the single aystal can be adieved by deaeasing the predpitate
size while keeping the volume fradion constant, for instance @& measured by Duhl
(Duhl, 1987 for PWA148Q arepresentative single-crystal superall oy.

One gproach to model their mechanicd resporse is by using aperiodic unit cel
representation of the microstructure, where the two phases are represented as a paral-
lelepiped with the mecdhanica properties of the predpitate, embedded inside ancther
with those of thematrix. Many authors have modell ed the medanicd behaviour for an
idedi sed microstructure using the Finite Element (FE) method for instance (Poll ock
etal., 1992 Nouailhaset al., 1997). However, the dfed of the predpitate size caana
be predicted by classcd continuum theories, because they do nd contain an intrin-
sic length scde. Several more sophisticated theories have been developed which, in
various ways, include alength-scde dependence (Acharyaet al., 200Q Gurtin, 2000).
Some dtempt to incorporate an interna I ength throughthe oncept of Geometricdly
Necessary Dislocaions (GND) introduced by Nye (Nye, 1953. Nortlocd continuum
plasticity theories auch as (Forest et al., 2000 or strain-gradient based plasticity using
the evolution of GND densities have dso been applied to the smulation o the flow
behaviour of single aystal superalloys (Bus et al., 2000.

Nevertheless Dislocaion Dynamics (DD) simulation appeas to be the most ap-
propriate tool to address sich microstructural issues and the origin of the size dfed.
DD simulations have drealy been caried ou on a cmposite material subjeded to
simple shea by (Cleveringa et al., 1997 Cleveringaet al., 1998 or on a mnstrained
strip (Shu et al., 2007). Both studies were caried ou in 2D, and the main fegure
controlli ng the plastic resporse is the formation o pile-ups. However, for the single
crystal v/~" superaloys, such pile-ups are not observed experimentally so the size
eff eds observed there must be caised by another medhanism. This is why full 3D
simulations are needed here, asin (Grohet al., 2005.

Inthisarticle, the €fed of the channel width at constant v’ volume fradion onthe
tensile plastic deformation of single-crystal v/~ superalloysis investigated using the
Discrete-Continuows Model (DCM). Emphasisis put on the dementary mechanisms
gowerning the yield stressin multi slip conditions.

2. The Discrete-Continuous M odel
The DCM (Lemarchand et al., 200]) is a method to solve complex boundry

value problems of dislocaed bodes, which canna be dore by conventional DD
codes. Competing methods exist in the literature, for instance (Van der Giessen et
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al., 1995 Fivel et al., 1999 Zbib et al., 2002, but it i s beyond the scope of this arti-
cle to discusstheir relative merits and drawbads. The DCM consists of two codes,
microMégas (DD) and ZéBuLoN (FE), couded into a unified system. The DD code
acourtsfor the dislocaion dyramics and computes the plagtic strain increments gen-
erated by dslocaion dide and the sssociated stress just as any other classcd con-
stitutive law. The FE code predicts the strain increment and verifies the medchanicd
equili brium of the boundry value problem, using the plastic strain distribution and
the stresses given by the DD simulation.

In this approach, material defeds are modeled using eigendrains (Mura, 1987).
In the framework of elastic theory, dislocationloops can be described as a set of thin
plate-like coherent inclusions (Figures 1a—c). Thiselementary dislocaionslip, whase
diredionandamplitudeisgiven bythe Burgersvedor b, isphysicdly locdised on ore
cristallographic dlip plane and bounad by a singuarity at the dislocaion line. In the
DCM scheme, the displacament jump asociated to the dislocdion loop popagates
with the dislocaion line on a spedfic crystallographic plane. It is then distributed
over aslab of thicknessh. Outside the sheared volume, such distributions reproduce
the dadtic fields of didocaionswell (Figure 1d) .

The simulated cdl contains a predpitate surrounced by six channels, and is dis-
cretised by 4096 qadratic FE and 56361 @grees of freedom. Periodic Boundary
Condtions (PBC) are gplied at al external boundries. Cdculations were performed
on threedifferent unit cdls sded up with the same mesh discretisation. Two cases
are shown in Figure 2. In all simulations, the~’ volume fradionwas 0.61, yielding a
constant ratio between channel width and predpitate size of 0.16, while varying the
channel width w = 0.08, 0.16, and 0.24 ym. In order to avoid PBC artifads due to

Figure 1. (a) Eigenstrain €%, asociated to a dpolar dislocation loop & the integra-
tion pdntsin a finte dement mesh. (b) Viewin 2D. (c) The presenceof the égenstrain
creates a displacement jump of value b (x200). (d) Stressfield o3, due to the loop,
calculated by the DCM
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Figure 2. Two simulated volumes with different chanrel widths and pgredpitate sizes
but with the same predpitate volume fraction of 0.61. Dislocation microstructures (a)
before any mechanical loadng and(b) at 0.2% plastic strain

self-annihilation o dislocation loops (Madecet al., 2003, the predpitates have or-
thorhombic dimensions 0.48x x 0.50x x 0.52z um?, with « a scding parameter to
assssthe dfed of predpitate sizewithx = 1, 2 or 3.

Isotropic dasticity is asauimed everywhere with shear moddus ¢ = 51 GPa and
Poisonratio v = 0.37. Inthe DD code, the lattice parameter « = 0.36 nmisassumed
identicd in bah phases. Thisimplies aBurgers vedor of length b ~ 0.25 nm.

Sheaing o the predpitates has been incorporated into the DCM (Vattré et al.,
2009 andit corredly reproduces the anomal ous temperature dependence (Westbrook,
1967 of the bowing-asssted cutting process In the 4/ phase the main parame-
ter controlling the dynamics of predpitate sheaing is a cnfiguration stress Tapg,
which acourts for an anti-phase boundry (APB) creaion a rewmvery throughthe
APB energy vAPB. All simulations in this paper are caried ou a 850°C with
yAPB = 350 mJm~2 (Veyssé&re et al., 1997). At this temperature dislocaions do
not penetrate into the predpitates, which is consistent with experimental observations
at small plastic deformations (Carry et al., 1977 Pollock et al., 1992, where the dis-
locaion loops move throughthe channels, bowing ou between the predpitates when
athreshold stressTO™ovan ~ ;b /w is readed.

Initial condtionsin DCM simulations shoud be &s close & possble to the exper-
imental condtionsin terms of dislocaion density, dislocaion sourcedistribution and
disocaion entanglement. The initial configurationin aDCM simulationis generated
with a Volterra sheaing procedure (Devincre et al., 2003. This procedure is needed
to set up an eigenstrain distribution in the FE mesh that is medchanicdly compatible
with theinitial dislocaion microstructure. Theinitial dislocation dstribution consists
only of dipdar loops, i.e. four conreded edge segments with the same Burgers vedor
(Figure 1). In this manner, dislocdion segments ad as Frank-Read sources and buld
up an interconreded dislocation retwork free of pending lines. A total dislocation
density ishomogeneously assgned to the 12 octahedral slip systemsin the form of 24
dipolar loops.
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Table 1. Parameters used in the DCM simulations

] Parameter | Symbol [ Value | Unit |
Magnitude of Burgers vedor b 25 x10°10 m
Shea moduus L 51 GPa
Poisonratio v 0.37 -
Damping constant B 1x10~4 Pas
Latticefriction~ phase TF 107 MPa
APB energy APB 350 mJ.m—2
Initial didocaion density 0 6.2 x 1013 m—2
Misfit strain ) -3 %
Imposed strain rate A 20 st

In red materials, an additional strengthening medchanism is due to the lattice mis-
match between the two phases. In the DCM simulations, it can be acounted for with
apreliminary thermo-elastic FE cdculation, in which the microstructure is artificially
heaed from aninitial state without misfit at room temperature. Thisrequirestwo ther-
mal expansion coefficients, a” anda”’, respedively asciated to the v matrix and +/
predpitate, and the gopropriate hedinginterval AT. The misfit strain § is then given
by (¥ — a”)AT, here equal to —3% at 850°C.

Asexplained in (Vattré et al., 2010, an initia relaxation, where the APB energy
and the amherency stressdrive the dislocations towards the interfaces, is needed. The
dislocation configuration is suppased to be relaxed when there ae no more disloca
tionsinside the predpitate. After the process the total dislocaion density on the 12
octahedral dlip systemsis 6.2 x 10'3 m=2. As shown in Figure 2a, the dislocations
have moved to the interfaces where they locdly reducethe cherency stress

During the simulations, the relaxed dislocaion corfigurations for the three mi-
crostructures are subjeced to a pure tensil e loading alongthe [00]] crystall ographic
axis. In order to run cdculations within a reasonable time, a high resolved strain rate
of 4 = 20 s ! isimposed. By comparison with the relaxed dislocaion retwork in
Figure 2a, Figure 2b shows the dense interfadal dislocation network obtained at 0.2%
plastic strain. In these cdculations, the DD simulation time step is 5 x 10~!! sand
the FE time step isten timesaslong All simulation parameters arelisted in Table (1).

3. Simulation results
3.1. Mechanical responses
Figure 3a shows the simulated stressstrain curves. Two different stages can be

distinguished. A first stage corresponds to a transient regime from zero to 0.01%
plastic strain, during which plastic deformation mainly results from the bowout of the
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Figure 3. (a) Effea of morphdogies on the simulated stressstrain curves. The solid
straight lines represent linear fits, andthe dotted vertical li ne indicates the bounday
between the first and second stages. (b) Flow stress7; at 0.01%, 0.1% and 0.2%
plastic strain versus the inverse of the width w of the chanrel. The straight lines
represent fits of the dependenceon1/w

dislocdions initially present inside the channels. A second stage corresponds to the
irreversible plastic deformation from 0.01% plastic strain upto the end of simulations.
Duringthis ssmndstage, the strain hardening rate is constant and pastic deformation
arises from dislocaions pasing around the predpitates. Irrespedive of the strain
value, the flow stressincreases sgnificantly with deaeasing channel width.

3.2. Flow stress and work-hardening

To quantify the size dfed, the values of the 0.01% yield stress (cdled Orowan
stresshere) 707o%an | the values of the flow stresses at 0.1% and 0.2% plastic strain,
Tt.0.1% and 77 o oy, respedively, and the rate of hardening 6 are given in Table (2).
The instantaneous work-hardening rate is defined as ¢ = Ar/A~, with 7 and v the
shea strain and the flow stressresolved onthe most adive octahedral glip system.

Table 2. Flow stressand hadening d the threemorphdogies of a~ /4’ single aystal
superalloy. The symbals 7Orowan, T1,0.1%: Tf0.2% and@ dencte the Orowan yield
stressat 0.01% plastic strain, the flow stresses at 0.1% and Q2% plastic strain and
the hardening rate, respedivey

L@ [ w(um) [ 797" (MPa) | 7f0.19% (MPa) | 77029 (MP3) | 0/u |
1] 008 164 243 320 0.149
2| 016 83 155 212 0.142
3| 024 55 108 152 0.134
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The flow stress Ty increases with deaeasing spedmen size. To quantitatively as-
sessthis dze dfed, the flow stressis plotted in Figure 3b a 0.01%, 0.1% and 0.2%
plastic strain as afunction o 1/w, showing that the simulation results can be related
toal/w scdinglaw. In particular, the value of the 0.01% yield strength corresponds
quantitatively to the aiticd maaoscopic Orowan stress expressed here &

Forowan — 1.02 ub/w. [1]

In addition, Figure 3b depicts the values of the flow stress7; at 0.1% and 0.2%
plastic strain, asafunction o 1/w. The Orowan-like law fitswell to the datain Figure
3bat all plastic strain levels and the flow stressmay be given as

T = kpb/w, [2]

with £ = 1.19 at 0.1% plastic strain and & = 1.32 at 0.2% plastic strain. Equation (2)
means that the flow stressis grongy dependent onthe channd width.

The dfed of spedmen size on hardening is quantified in Table (2) by the values
of 6/u. The work-hardening rate 6 increases with deaeasing spedmen size These
values can berelated to dislocation storage & the interfaces, i.e. the size dependence
of 6 isrelated to the dislocaion density deposited there, as will be discussed next.

3.3. Didocation densities

Figure 4ashowsthe evolution d the dislocaion density p with plastic strain. At the
same ' volume fradion, the dislocaion density increases linealy with strain, more
rapidly so for smaller channel widths. Figure 4bill ustrates the dislocation storage rate
dp/dy asafunction o plastic strain. Therate is constant during the second stage, and
Figure 4c ill ustrates the saturated density rate & a function of 1/bw, where they can
be related through

dp

1
— =217—.
dy 7bw [3]

Relation (3) can be viewed as expresgng a maaoscopic storage rate, which is
gowverned by a dislocaion mean free path (Kocks, 1976. Thisresult, i.e. a dislo-
cation storage rate propartiona to 1/w, means that the dislocaion mean freepath is
mainly controlled by the material microstructure, and nd by dislocdions gadng as
commonly observed in many materials. Here, it has been shown with the simulation
(Vattré et al., 2010 that thereis anaticedle deaease in the dislocaion junction pro-
ductionrate dter some straining. Hencethe contribution o forest interadtionto strain
hardening is week and the size-dependence of the flow stresscanna be correlated to
the mean spadng between didocations. Instead, as explained in the following, the
plastic reporseis controll ed here by the channel width.
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Figure 4. (a) Evolution o dislocation density with plastic strain correspondng to
the stressstrain resporses of Figure 3a for all spedmen sizes. (b) Rate of the total
dislocation density with plastic strain. Horizontal li nes represent the saturation rate
during the seand stage. (c) Sauration rate of the dislocation density ewolution as a
function o 1/bw. Theline represents a linear fit

3.4. Didtribution of dislocation density

In order to quantify the locd dislocaion density variation, average densiti es were
cdculated over strips of 8 nm thicknessrunning perallel to the interfaces. Two densi-
ties are considered: the total dislocaion density, and the polarised dislocaion density
obtained by the Nye tensor « (Nye, 1953. The latter gives the dosure mismatch of a
linea path traced onathreedimensional surface eclosingavolume V' containing an
arbitrary dislocation microstructure. In the discrete sense, this tensor is computed by
adding upthe contributions of every dislocation segment acording to

1 N
aij = > 1Mbt], [4]
k=1

where N is the number of segmentsin V, I* the length of segment &, b* its Burgers
vedor, and t* its unit li ne vedor. Only alocd polarised dislocation density produces
anet, nonvanishing Nye's tensor.
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Figure 5. (a) Total dislocation density distributions acrossthe chanrel at 0.1% and
0.2% plastic strain for w = 0.08 pm. (b) Averaged pdarised dislocation density a4
calculated by Equaion (4)

As shownin Figure 5a, the total dislocation density is higher at the interfaces than
within the channel, and the density of these stored dislocaionsincreases with ongang
deformation. No pile-ups are observed, contradicting 2D DD simulations. The corre-
spondngaveraged pdarised dislocaion density profilesa®? = sign(ai1),/ag;aq; are
shown in Figure 5h. It showsthat the dislocation densiti es located at the two interfaces
are pdarised. This grongy affeds the locd flow stressduring [00]] tensil e loading
becaiseitinducesinternal stresses oppasite to the gpplied stress thereby reducing the
dislocation mohility in the channels.

4. Discussion

As discussd in the previous ®dion, when the Orowan criticd shea stressis
reated, the dislocaions are sufficiently curved to glide into a channel. The dhan-
nel width playsan important role in thisthreshold which, inthe simulated results, is at
abou 0.01% plastic strain. The microplastic phase (i.e. from 0 to 0.01%) corresponds
to the bowout of preexisting dslocaions in the dhannels between the interfaces. For
larger channel widths, dislocations glide longer distances before being docked by in-
terfaces. The threshald stressdepends on the channel width acordingto 1.02 ub/w
(Equation 1). The theoreticd value of this dressis also verified through colledive
effeds and multi-slip condtionsin 3D DD simulations.

When the «aiticd Orowan stressis readed, a dislocation loop expands on a glide
plane within the channel and deposits dislocaion segments at the interfaces. These
segments have ascrew or £60° mixed charader, and gverise to a polarised disloca
tion density at the interfaces (Figure 5b). Their acauimulation between the soft matrix
andthe hard predpitate generatesinternal stresses, and contributes grondy to the high
work-hardening for (001)-oriented spedmens.
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The dislocaion density increases amost linealy with plastic strain, and at the
same ' volume fradion the rate of increase is larger for smaller channel widths (Fig-
ure 4a). Moreover, the dislocaion density rate dp/dy increases with deaeasing chan-
nel width. In a consistent manner, strengthening is related to an increase of stresses
inside the channels when the spedmen sizeis reduced. This phenomenais associated
with the energence of a dislocaion density polarised at the interfaces. Simulations
of dislocaion dyramics show that a network of interfadal dislocaionsis formed in
3D withou pile-up and the interface dislocaions acaommodkte the strain gradient
between bah pheses.

In physicd theories of crystal plasticity, the dislocation density is commonly used
as the structural parameter for maaoscopic descriptions of plastic flow, with the flow
stresst governed by Taylor-like hardening:

T = apby/p, [5]

where « is a aonstant in the range 0.3—0.5 when plastic flow is controlled by forest
interadions (Sevillano, 1993. Figure 6 shows the evolution of « with strain for the
threesimulated spedmens. The stabili sed values lie in the range 1.3—1.8, far above
the typicd range of 0.3—0.5. In other words, in these particular microstructures, the
elementary mechanism restricting dslocaion mohility is gronger than forest interac
tions. The v/~ interfacewith its polarised network of interfacedislocaions ad as a
strong karrier oppcsed to dislocation dide. Also, it must be noted that the eolution o
p isnot the same & predicted by the dasdcd storage-recovery model for dislocaion
dislocationinteradionsin buk crystals. This is becaise here the storage rate is only
function o the channel width (Equation 3.

5. Conclusions

The medanicd resporse of nickel-base singe-crystal /4’ superaloys under
[00]] loading at 85(°C has been simulated by the Discrete-Continuows Method
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(DCM). Within the DCM, plastic flow is diredly simulated by adislocaion dyramics
code, providing a physicdly justified manner for including dslocaion dide, multi-
plication, annihil ation and interadions with the+’ predpitates. Moreover, it contains
an intrinsic length scde: the length of the Burgers vedor. As at 850°C dislocations
canna penetrate into the predpitate, this work focused onthe dfed of the channel
width onthe maaoscopic flow stressat constant 4/ volume fradion. The main results
are:

— Thesize dfed is sgnificant for both the flow stressand thework-hardening rate.
The onset of theirreversible plastic regime below which didocaions canna curve and
glide within channelsisinversely propartional to the channel width w.

— No pile-ups were observed in the simulations, so the mean freepath is not re-
duced by a source-shortening mechanism. The dislocations are locaed at the inter-
faces, andthe interfadal dislocation density increases by glide of mobil e dislocaions
throughthe channel which deposit immobil e segments at the interfaces.

— The propationality fador o between the flow stressand the square roct of the
disocaion density is sgnificantly higher (1.3—1.8) in these microsctructures than in
most single phased materials (0.3—0.5). Thisis because the dislocaion density isnot
distributed randomly but into a polarised interfadal network, thereby creaing a stress
field in the channels oppasing dslocation motion.

These findings raise fundamental questions regarding the formulation o extended
plasticity theories for modelli ngwork hardening, which shoud include thelongrange
internal stressgenerated by the polarised dislocation censity.
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