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This paper si.uwnarizes  the research activities of the research project BE5216 within the
BriteEuRam programme.  The results developed include: constittitive models taking into account
the heterogeneity of the deformation of two-phase single crystalline super-alloys on two levels,
advanced experimental testing device for internal pressure testing, improved high-temperature
measurement methods for local strain fields,

Two single crystal stiperalloys,  SC16 and MC2, were investigated. Both alloys have shown
a heterogeneous deforrna~ion pattern at low temperatures due to shear band formation on a
macro-level and an evolving y - y‘ - microstructure on a micro-level resulting in high in~emal
stresses and a changing global anisotropy  of the material. The models and advanced inelastic
analysis methods were developed to describe these material phenomena. Supported was the
mode[ development by multiaxial mechanical testing and accompanying microstructural
investigations.

This r~poti discusses the design of a laboratory prototype testing machine which is capable
of subjecting thin tubular specimens to cyclic torsion ancYor to a constant internal pressure at
temperatures reaching I(I5O 0 C. In addition, due to the ‘safe’ use of borosilicate  glasses as the
pressure transmitting medium, it oflers  new possibilities for local strain measurement using a
long distance microscope and image analysis techniques. These developments in experimental
techniques have been applied to the testing of the SC alloy A4C2 in the temperature range of
850-1050 “c.

1. Introduction

Single crystal (SC) alloys are being increasingly used in aero-engine  and industrial gas turbine
applications in order to increase their operating temperatures. The development of new high
temperature gas turbine alloys has changed the sector of application of ground engines to that of
combined cycle plants for base power production. With turbine inlet temperatures, which can be
endured by single crystal turbine blades, the net efficiency of combined cycle plants cart be
increased to more than 5070. This in turn will reduce the emission of C02 considerably. Beside
major environmental effects which are demanded by the public, increasing efficiencies result in a
reduced consumption of fossile fuel and in savings of scarce materials.

Hot section components of both aircraft and land based gas turbine engines are subjectgd  to
severe cyclic thermal-mechanical loading conditions during the engine service. It is therefore
crucial for the design of the critical parts of gas turbines to predict the response of the alloy to
these loads correctly. A comprehensive understanding of the material at these extremes of
temperature and strain is necessa~  to deve~op reliable constitutive  models  and failure criteria. It



is the need for improved engine performance that will spur development of advanced analytical
tools and expanded experimental capabilities [1]. To improve engine reliability and durability is
also an important economical factor because of tremendous maintainance  costs.

In engineering practice, the design of hot section components is based on thermo-mechanical
analyses of the most critical parts. An assessment of the maximum inelastic strain in these parts
is made on assumptions valid for isotropic materials. Materials used in today’s turbine engine hot
section components a-e operating under conditions (temperature, mechanical loads) where time-
independent (plastic] and time-dependent (creep) material phenomena occur simultaneous] y and
where the inelastic material behaviour  is strongly crystal orientation dependent. Therefore, in
order to achieve the demand for improved life assessment rules, methodologies are needed which
Me based on inelastic analysis taking the anisotropy of single crystal alloys and the heterogeneity
of the deformation in two-phased superalloy into account.

The viscoplastic  constitutive models developed so far for single crystals [2 -6] have neglected
the heterogeneity of the material. On a macroscale,  shear bands appear in laboratory specimens
at Iow temperatures. This leads to misinterpretations of the real material response when the
results from laboratory specimens are transferred to components. On a microscale,  two phases,
y‘- prwipitates  embedded coherently in a y- matrix, are present which do not deforniuniforrd  y.
In addition, the lattice mismatch between the two phases causes considerable internal (misfit)
stresses which interact with the macroscopic stresses produced by the thermo-mechanical
loading. The problem of heterogeneity becomes more crucial if the changing y-y ‘morphology
under operating conditions is considered [7]. The y-y’ - morphology of a real component does
not correspond in general to the microstructure studied in laboratories.

Therefore, the main objective of the present project was to develop constitutive  models which
account for the heterogeneity of the materials and to upgrade the experimental techniques for
anisotropic materials in the high temperature regime.

The development and validation of material models and failure criteria for (SC) alloys
however requires testing under biaxial loadings, in addition to the standard uniaxial  testing along
selected crystallographic orientations. Moreover due to the an isotropic behaviour  of these alloys
it is necessary to measure the deformation locally. This report discusses two main developments
in experimental mechanics which are aimed to contribute to these two requirements. The first
concerns the design of a cyclic torsion-internal pressure testing machine which uses glass as a
pressure transmitting medium in order to allow the visual observation of the specimen surface
without the risk of injuries when it ruptures. The second development concerns the use of a long
distance microscope and image capturing/processing system which tracks the movement of grids
of markers pIaced  on the specimen surface in order to determine the anisotropic  deformation.
Finally the application of these techniques to the testing of the SC superalloy MC2 in the
temperature range 850- 1050”C  is discussed.

The society demand for the provision of sufficient and safe energy will drive the further
development of cost-efficient power stations with increasing efficiency coupled with reduced
environmental impact [8]. This is a big chaHenge  for the energy conversion technology in the
coming decades, that can only be met by a better understanding of high-temperature materials
behaviour and by improved design methodologies. The present project, summarized in the
following, can be seen only as a first step toward an advanced design concept.
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2. Technical Description

The aim of the project was to deve}op  a general approach to describe the heterogeneous
deformation of two-phase nickel-base superalloys. Two different materials, SC 16, with about
4070 y’- precipitates, and MC2, with 70% y‘- precipitates were used to cover a broad industrial
sector. The investigations were limited to two temperatures for each alloy, room temperature,
and 950°C for SC 16 and 1050°C for MC2, respectively, to study the mechanical behaviour
dominated by deformations with and without shearing of precipitates. Four types of loadings
were used to perform the tests, uniaxial - , torsion -, tension-torsion - and internal pressure
loading. Accompanying microstructural  investigations were carried out to study microstructure
evolutions.

The partner of the BriteEuRam  project 13E.5216 were responsible for

● BAM (project coordinator, mode! development, mechanical testing and microstructural
investigation of SC 16)

● ONERA (model development, mechanical testing of MC2)
o EIWMP (model development, microcstructural  investigation of MC2)
● IMMG (development of a torsion-internal pressure testing device, development of
measurement techniques for local strain fields, mechanical testing of MC2)

In the following, a short description of the technical details concerning the main research tasks
of the research programme is given:

2.1 Prediction of the
(BAM)

-- .

External loads and

evolving morphology and the corresponding inelastic deformation

additionally the occurrence of eigenstresses  lead to a change of the
morphology of the metastable two-phase y/y’- structure of single crystal superalloy. The motion
of the y/y’ interfaces is driven by diflhsion and order-disorder transitions. The energy barriers to
be overcome during this motion can be increased or decreased by the local stresses which
furthermore prescribe the direction of the diffusion flux. A micromechanical  model has been
developed which is capable to predict micro-stresses and -strains and the evolving morphology
of a single crystal superalloy for various external loadings.

As it was mentioned, the microstructure of y’-hardened  anisotropic single crystaHine
superalloys is not stable during high temperature loading. For instance under creep loading the
alloy SC 16 with [001] orientation formed y’-platelets perpendicular to the stress axis. This
change of the microstructure influences the mechanical properties and the creep strength
decreases. One part of the project investigates the single crystalline nickel-base superalloy SC 16
under monotonic, creep, low cycle  fatigue and tension/torsion loading at high temperature. After
plastic deformation, the microstructure was studied , characterized, discussed, and compared
with the mechanical behaviour and with predictions of the model. Under torsional loading the
hard and weak zones were investigated by strain field analysis.

2.2 Mechanical behaviour for various morphologies  (ONERA) 4

The work performed at ONERA was devoted to the experimental study as well as to the
numerical modelling  of the mechanical behaviour  of the single crystal superalloy MC2 with
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various rafted microstructure. A wide experimental program has been performed at high
( 1050°C) and low (20°C) temperatures. Test results at 20°C have been used by ENSMP for
shear band analysis. At 1050”C  most of the loading conditions have induced a coarsening of the
microstructure.

Experimental results have shown that the rafting process which occur at high temperature
change the mechanical behaviour  compared to the initial cuboida]  microstructure. It is most
important that due to the oriented coalescence of the y’- precipitates there is a loss of the initial
cubic symmetry, a decreasing strength of the alloy, and a decreasing Young’s modulus. Thus it
is essential to take into account the influence of the shape of the y’- precipitates into the
constitutive  model. The FE calculations of a periodic arranged representative cell, performed in
3D, allow to analyse the intemai stress and strain distributions that are due to the misfit strain
and to external loading conditions.

2.3 Strain localization, formation of slip bands and shear bands (ENSMP)

The formation and propagation of intense slip bands have been observed in SC 16 specimen
under tensile loading at low temperature. To predict the occurrence of localized deformation
modes in single crystals, we have considered them as bifurcation modes for the non-linear
boundary value problem. A bifurcation analysis has been performed for e}asto-plastic  single
crystals undergoing single or multiple slip, which gives a localization criterion and the orientation
of the associated shear bands. Since intense slip bands appear at incipient plasticity, a local strain
softening behaviour  must be introduced to trigger localization.

At high temperature, the deformation of single crystal superalloy is heterogeneous at the
microscopic level due to the two phase structure of the material. A constitutive  model has been
propo~,that  takes into account the average deformation of each phase over a volume element.
Its mam advantage is that it is simple enough to be implemented in a FE code for structural
calculatiobfor  industrial purposes. It resorts on homogenization technique. The model requires
geometrical as well as hardening parameters which have been identified forSC16 at 950”C. The
anisotropy of the mechanical behaviour  can be described with sufilcient  accuracy if tests for
<001> and c 111> oriented crystals are available for the identification process and if both cubic
and octahedral slip systems are taken into account. The predictive capabilities of the model have
been tested for 401> singIe crystals with success.

2.4 Upgrading of high-temperature experimental techniques (IMMG)

Development of a torsion-internal pressure machine

A new biaxial testing machine has been designed and constructed which is capable of
subjecting thin tubular specimens to cyclic torsional loads (maximum load A500 Nm) and to a
constant internal pressure at temperatures reaching 1050°C. Special attention was given to the
correct application of the torque, without inducing any axial loads during shearing, and to the
free vertical movement of the upper torsion transmitting plate to accommodate the thermal
expansion of the specimen during heating. The internal pressure applying system also allows the
free axial elongation of the specimen and in addition, the pressure transmitting pistons have been
designed to move together thus compressing the pressure medium equally from both en& In
order to minimise the axial heat loss in the specimen, an intermediate grip assembly has been
introduced which is made from an advanced austenitic  steel and a NLMONIC 105 end coupling
onto which the specimen is either threaded or held together by four NIMONIC 115 keys capable
to withstand the 1050°C maximum testing temperatures.
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Development of a new pressure transmitting medium

The main reason for seeking an alternative pressure transmitting medium was to enable the
visual observation of the specimen surface during testing at high temperatures. In addition it was
desirable to conduct such tests without the need to construct a safety vessel for the containment
of the explosion when the internally pressurised specimen fails. The traditionally used pressure
media such as oil and gas cannot be used under such conditions.

Special glass compounds were therefore considered as a replacement pressure medium since
they were expected to have low viscosities, in the range of 1055 to 106 Poise, in order to satisfy
the safety requirement. Extensive literature searches were conducted for candidate glasses and
their relevant physicaI properties, followed by analytic calculations to determine their basicity  ,
since low basicity values give the required inertness in the melt state when in contact with Cr-Ni
based alloys. LHtimately  borosilicate (B203-Si02)  glass mixtures were selected which in addition
give the required viscosity values for a wide range of temperature by changing the percentage
weight of the two constituents. This seIection was aIso supported by experimental tests which
showed that fiised B203 when left in contact with different Cr-Ni based alloys at 950°C gives the
same I&man spectra as the original ‘untested’ BZ03. Finally a number of tests were performed in
the internal pressure-torsion machine using various Ni/Cr alloys which validated the performance
of Bz03-SiOz as a reliable and safe pressure transmitting medium.

Experimental techniques for the measurement of local  strains

In order to measure the local deformation as the hoHow specimen deforms under load, a long
distance @croscope  has been used in conjunction with a specially developed image capturing and
processing system. Grids of markers are carefully machined on the surface of the specimen and
in additiotieach  marker is ‘filled with ceramic adhesive, capable of withstanding temperatures up
to 1650”C, in order to enhance its image from the surrounding material. Once the grid is located
on the specimen, the image is transferred via a CCD camera to the computer where the position
of the markers is calculated and their relative distances computed. This process can be repeated
as often as required to provide measurements while the experiment is under way. The distances
between the markers are compared to their original values prior to the application of any loading
to compute the deformation in the specimen.

The testing at high temperatures, in the range 850-1050° C, prohibited the microscope head
remaining in continuous visual contact with the specimen and it was therefore necessary to open
by a srnd amount the furnace when the position of the markers was captured. In addition with
the furnace open and temperatures in the range of 700° C, it was still necessary to position in
front of the Iens a quartz glass for heat protection. Thermocouple measurements have however
shown that the thermal gradients generated in the specimen due to the opening of the furnace are
negligible. Nevertheless when the furnace is opened under load during testing at 1050°  C, it has
been observed that the inelastic deformation starts upon reheating from lower temperatures
(970”C and upwards) due to the increased time required to reach the 105O”C level. FinaHy the
heat waves within the furnace and the presence of the protective quartz glass, coupled with a
&50p depth of field in the microscope/camera assembIy,  have made the focusing of the
microscope difficult and have affected the accuracy of the local shear strain measurements, in
particular at magnitudes below 2.5Y0.

Figure 1 summ~zes  the research activities of the present project under the BriteEuRam
programme.  The proj~t were supported by SNECMA, TURBOMECA and SB3MENS  (KWU).
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Figure 1: Overview on the research activities of the BriteEuRam  projectBE5216.
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3. Results

3.1 BAM: Evolving Miwostructure  of Single CrystaI Superalloy

3.1.1 TherrnomechanicaI  ModeIIing

3.1.1.1 Phenomena

In the virginal superalloy the ordered phase, ~, precipitates within the disordered phase, y,
resulting in an almost periodic pattern of ~ cuboids.  The crystal structure of both phases is face-
cubic-centered (fee). However, the lattice parameters of both phases are different which leads
to the formation of eigenstresses.

As a consequence of the eigenstresses  and the aforementioned loads a change of the
morphology of the metastable  structure (y, ~) will occur. The motion of the y/y’ interfaces is
driven by diffusion and order-disorder transitions. The energy barriers to be overcome during
this motion can be increased or decreased by the local stresses which furthermore prescribe the
direction of the diffusion flux, [9].

When the microstructure evolves due to an oversaturation  of the y- phase we call this a
growth process. The evolution of the microstructure due to a thermal load when there is no
oversaturation anymore results usually in a coarsening process, while the change of the
microstructure due to mechanical loading leads to the formation of rafts. In case that the (001]
crystal axes is parallel to the load axes, the rafts may form parallel or perpendicular to the Ioad
axes depending on the sign of the external load and on various material properties as the ratio of
stiffness @rameters of the phases and the
deviates ,~~om the (001) crystal axes, the
perpendicular to the Ioad axes anymore,
deviation.

3.1.1.2 The Thermomechanical Model

The most successful existing method

origin of the eigenstrain.  In case that the load axes
growing direction of the rafts are not parallel or

rather their growing direction follows almost that

to describe the evolution of the morphology by
generalized time dependent Landau Ginsburg equations goes back to A.G. Khachaturyan,  [ 10],
(11 ]. The model of the current study belongs to the same class of equations. In this study we
model a single crystal superalloy as a body consisting of a binary mixture of aIloy elements that
may exist in an ordered, (y’), or a disordered, (y), phase. At a given temperature, T, and for
given external load,~,  we describe the thermornechanical  microstate of the body by the fields of
sirain, concentration of alloy elements and the order parameter. Complete order at
stoichiometric  composition and complete disorder is characterized by S = 1 and by S = O,
respectively.

A given microstate of the ailoy may change due to diffusion and/or order-disorder transition
subjected to the 10cd microstress  which determines the flow direction. The field equations for
these fields dY on the conservation laws of momentum and mass, and on a postulated rate
equation for the order parameter.

The BAM model is best suited to predict the evolving microstructure for given external load,
[12], [13]. In ptiicul~  the rafting problem in all its aspects can up to now only be treated by the
BAM model.  The superiority of the BAM model against existing modds  is due to its capability
to deal with different elastic constants of the y- and y’- phase and to allow an arbitrary

I
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orientation of the crystal axes with respect to the direction of the external load. while  the
assumption of equal elastic constants in the different phases changes the correct answers to
growth and coarsening phenomena only quantitavely, it forbids completely to consider the rafting
problem.

3.1.1.3 Evaluation of the Model and Implementation in a FORTRAN Code

The BAM model consists of a coupled system of six elliptic equations of second order and six
intergral equations of Fredholm type regarding the microstresses  and strains, a parobolic
equation which is of first order in time and  of fourth order in space regarding the concentration
of alloy elements, and of a parabolic equation which is also of first order in time and of second
order in space regarding the distribution of the alloy elements over the lattice sites.

For the evaluation of this system we have used a discrete Fourier transformation which is
applied to a discretized  system. This procedure has turn out to be much more effective than the
usual Fourier technique, where at first the continuous Fourier transformation is applied to the
continuous form of the system and afterwards there is a discretization  of the back transformation.

The whole procedure is implemented as a FORTRAN code which consists of a subroutine
which computes the stresses and strains for given misfitstrain  and given external load, while a
second subroutine calls the latter one and computes the resulting morpholgy.

3.1.1.4 The Data Base

Presently, the available date base which is needed as input for the model is not best suited. For
example, J.he different cubic stiffness constmts of each phase are still in diseussiont  because their
deterr&ation  requires a separation of the individual phases, which has first started currently.
Another @ortant  quantity is the ratio ~,/  ~C of the relaxation times of order-disorder transitions
and of diffusion, respectively. It is generally accepted that order-disorder transitions establiihes
equilibrium much faster than diffusions] processes. However, it is not ceflain  whether the ratio
is 2 or 10, and this value is crucial regarding the constantancy  of y’- volume fraction. The BAM
model yieids an almost constant y’- volume fraction for ~,/ ~c =1 O while the y’- volume fraction
changes up to I(Mo for ~,/ ~c =2.

3.1.1.5 Some Results for Special Cases

We shall now illustrate the capability of the model to describe the evolving microstructure by
considering various special cases. For all cases we have used the following data: (i) The ratio of
reki.xation  tii-nes  is z,/ ~c =10, (ii) The misfit strain depends linearly on the concentration, and is
initially positive, (iii)The stiffness coefficients of the phases are related to each other as Cy’l ~ =
0.67* cY11, CY”}2 = 0.59*CY12, cy’~ = 0.58*cYM, (iv) The temperature is 950”C.

Example 1:
We consider a process that is realized when the alloy is made from the melt, viz. the transition

of the growth period to the coarsening period. To this we start initially with sperical  y’-
precipitates which are immersed in a slightly oversaturated  y- matrix. The (001) crystal axes
points in vertical direction. There is no extema~  mechanical load.

I
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Figure 2: Evolution of morphology under pure thermal load

The sequence of graphs
more or less periodic array.
morphologies which were
have been finished.

show the evolution of the unstable spheres into cubes which form a
The final rnetastable state agrees very we]] with micrographs  of real
taken after the heat treatments of virginal single crystal superalloy

ExamDle ~:
We take the final morphology of Example 1, and expose the alloy in this state to an external

mechanical load of 450 MPa which points in vertical direction.

Figure 3: Evolution of morphology under tensile load in vertical direction II (001) crystal axes [

The sequence of graphs show the evolution of the well known rafting process. The cubes

1

1,
/

transform into rafts which are orient themselves perpendicular to the axes of the external load. In
the current Bnte Euram project, the simulation of this process has become possible for the first

!

time. It is crucial here to deal with different stiffness coefficients in both phases, because
:/

otherwise there is no rafting phenomenon at alL While the coarsening process is more or less the
sarnc for equal and for unequal stiffness matrices, the rafting processes appear ordy if the phases

khave different stiffness coefficients. , ,I
~~

Examu]e 3: i’
Next we consider the case that the (001) crystal axes deviates from the vertical direction by

12° to the right. At first we consider again the same situation as in Example 1.
~
i

Figure 4: Evolution of morphology under pure thermal load. <(vertical axes, (00 l)crystal i,

axes)= 12° ~~ 1 II
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The sequence of graphs show that obviously the spheres transform into cubes whose axes
follow the (001) crystal axes.

Examde  4:
Now we take the final morphology of Example 3, and expose the aIloy in this state to an

external mechanical load of 450 MPa which points again in vertical direction. However, there is
now a deviation of 12° between the crystal axes and the axes of the external Ioad.

Figure 5: Evolution of morphology under tensile load. <(load axes, (001 )crystal axes)= 12°

The sequence of graphs show the formation rafts which are not perpendicular to the axes of
the external load anyamore,  rather they are almost perpendicular to the (001 )crystal axes.

ExamD]e  5:
Finally we consider the effect of a compressive load instead of a tensile load. To this we take the
final morphology of ExampIe 4, and expose the alloy in this state to an external mechanical
compressive load of 450 MPa which points in again vertical direction.

Figure 6: EvoIution of rnorphoiogy  under compressive load. <(load axes, (00. )crystal axes)=12°

The sequence of graphs show the tendency to the formation of rafts paraIIeI to the axes of the
external Ioad.  However, we realize that this is not possible under all circumstances because here
there is not enough space for the arrangement of parallel rafts. Only the precipitates on the left
hand side can transform to @ morphology that corresponds to the new minimum of the free
energy.

3.1.2 Microstructural  observations of the Alloy SC16 Under Thermomechanical  Loading

3.1.2.1 Compa*n  of the Microstrwture  of the AS Recieved  Condition with an Annealed
Condition Without  Mechanical Loading

For compating the microstructure after mechanical loading the as received condition was
taken for reference which is shown in Figure 7. The material consists of the y-matrix and the
dark cubic y’-pr~ipitates  which have the average size of 45o nm. Additionally small y’-particles
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of 80 nm size are present. After annealing without mechanical loading the microstructure
changed. After 1000 hours the big y’-particles increased and obtained a more round shape and
the small precipitates were gone into solution indicating that the microstructure of this alloy is
not stable over long time (Figure 8).

Figure 7: Microstructure of SC 16 in the as
received condkion

Figure 8: Microstructure of SC 16 after 1000 h
annealing at 950”C without mechanical load

3.1.2.2 Microstructural  Investigations on the AHoy SC 16 With Near [001] Orientation
After Creep Loading

In Figure 9 the creep strain is shown versus the creep time for tests at 950”C and stress levels
of 120 - 200 MPa. With increasing creep load a decreasing time to fracture was observed.
During creep deformation a change of the microstmcture was observed. It was investigated at
different stress levels. A formation of platelets was found which is shown in Figure 9. The
platelets were formed perpendicular to the stress axis. At the highest stress level of 200 MPa the
specimen reached the lowest time to rupture and the platelets had a fine structure. At low stress
levels the time to rupture increased very much and the platelets obtained a more rough shape
indicating that the shape of the platelets (rough or fine) is time dependent but not only time
dependent. The microstructure of the crepp test with 120 MPa corresponds to a specimen which
was not broken. Therefore this figure was not taken for a comparison.

Additionally interrupted tests were performed to investigate the evolution of the
microstructure during creep deformation. Figure 10 shows the creep rate versus the creep time.
The tests were performed at 950°C and at a creep stress of o = 135 MPa with testing times of 10
h, 100h and 400 h. It was observed that the material shows a hardening until 400 hours. At the
same time the microstructure changed. After 10 hours creep time the microstructure in a
longitudinal section has not changed very much compared to the as received state. Only the
number of small precipitates is reduced but the size and the shape of the big y’-particles is the
same. After 100 hours creep time the development of the platelets perpendicular to the stress
axis has been started. The interspace in the vertical direction between y’-particles  was reduced
and the precipitates coarsened. The directions perpendicular to the parallel sides of the cubic
particles were prefered for coarsening. After 400 hours creep time the progress of the
development of Y’- platele~ is clearly visible and was almost finished, After 1320 hours creep
time the final fkacture  ww observed. The microstructure changed a little and the thickness of the
platelets increased and obtained a wavy shape with a mean direction perpendicular to the stress
axis.
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3.1.2.3 Microstructural
After Creep Loading

13

Investigations on the Alloy SC 16 With Near [011] Orientation

After the creep tests the specimen developed an elliptic shape of the cross section near the
fracture. The eliiptic  shape and the orientation of the parts of the fracture surface were correlated
with crystallographic directions. It was found that the diameter of the specimen was not reduced
in the [ 100] -direction but it decreased specially in the [0~1 ]-direction. The fracture surface was
observed in a (111)- and (T1 1)-plane.

The microstructure of a [01 1 ]-orientated specimen after creep loading is shown in Figure 11.
It was found that the platelets were formed in a @Ol)-plane  which was orientated most near
perpendicular to the stress axis. The orientation is not equal to the (01 O)-plane because of the
deviation (7°) from the ideal orientation of the specimen. Looking to the microstructure in detail
we see two competing directions for the formation of platelets:
1. the formation in a (001)-plane but
2. perpendicular to the stress axis some small platelets and y-channels were seen in Figure 11.
Similar results were obtained for a second specimen orientated in the [011 ]-direction and loaded
with 135 MPa.

[011-J

/

I

Figure 11: Microstructure of a creep test at 950”C of SC 16 with near [011]-orientation

Concluding the observations at creep tests the formation of platelets depends on the
interaction of the y’-particles. They were formed primarily parallel to one of the cubic planes of
the y’-precipitates.  The applied stress influences the formation of platelets additionally and it
prefers a plane perpendicular to the loading axis. The creep deformation occurs preferential
under 45° to the stress axis where the shear stress has a maximum. Therefore it can be explained
that the [01 1 ]-specimen which have built y-channels nearly under 45° to the stress axis failed
earlyer than the [001 ]-sp=imen  that formed y-channels perpendicular to the stress axis.

CY
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3.2 ONERA: Constitutive Modelling  and Experimental Study of Two Phase Single
Crystals

3.2.1 Experimental Study on the Alloy  MC2

Two temperatures have been investigated under cyclic tension-compression loading and
rnonot  onic torsion, with MC2 specimens oriented along cOO 1> and <111>  crystallographic
orientations. Tests at room temperature were performed for shear band analysis, while high
temperature tests ( 105O”C) were performed for rafting analysis. Some additional tests with prior
aging under tension or compression were also performed for that purpose.

In all tests with hold time, or after aging, at high temperature the coarsening of the ‘y ‘
precipitates is observed. The consequence of this coarsening on the mechanical behavior, for
401> specimens, is a lost of strength of the alloy, when the coarsening is present, compared to
the reference behavior on the alloy with an initial cuboidal  microstructure. Figure 12 compares
the stabilized cycles  at a strain rate of 10-3 s-[, with and without a prior cyclic loading. For <111>
oriented specimens, the effect is not relly observed, excepted for the cyclic test at low strain rate
(lO-S s-’), where a cyclic softening is observed for both orientations, starting at the begining of the
test. The microstructure generated during this loading conditions, are very different of those
obtained at higher strain rate. These differences in the morphologies  could  explained the
softening. An important decreasing of Young’s modulus is also observed. These two effects are
much more pronounced when the tests are performed at 950”C rather than at 1050*C. Similar
effects have been reported in [14],
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3.2.2 Finite Element Calculations of y / y‘ Cells

The coarsening of the y‘ phase of single-crystal superalloy has been widely studied these last
years. Some finite element calculations have been used to understand the physical mechanisms,
but mainly on the basis of elastic analyses [15,16,17]. In this work, we mainly focused our
attention on the influenee  of the rafted microstructure on the overall behavior of the superalloy.
This is done through a 3D Finite Element analysis, taking into account the anisotropic
viscoplastic  flow of the matrix. A preliminary step is performed, in which the material constants
are set for a given discretization of they/ y‘ cell. Results are then discussed at the microscopic
level, with the internal stress field arwdysis due to lattice discrepancy, or due to an external
mechanical loading. The overall behavior, deduced from the homogenization calculations is
studied, for an initial cuboidal  precipitate and for various deformed precipitate morphologies.

The elementary eel.ls considered in this analysis are composed of a cube (initial microsu-ucture)
or a parallelepipeds (deformed microstructure) that represents the y‘ phase, surrounded by the
matrix channels of y phase. The y‘ volume fraction introduced in the calculation is of 68$Z0,
corresponding to the volume fraction of the MC2 alloy that is used in the study to provide the
reference macroscopic tensile curves at 105O”C. Periodicity and symmetry conditions are
imposed to the boundaries of the cell, so that opposite faces remain pianar and parallel during the
loading. Cubic elasticity laws are introduced for both phases. The behavior of the y‘ phase is
supposed to be elastic, that is a reasonable assumption at high temperature. The anisotropic
behavior of the y phase is taken into account through anisotropic  viscoplastic  models. A
rnacroseopic model and a crystallographic model based on Schmid law have been systematically
compared. Both models are strictly equivalent for <001> and <111> orientations [18]. Relations
that have been established between the material constants of the two models show that half of the
constants of the rnacroseopical rrmde~  can be related with octahedral slip, while the other half can
be related with cube slip. These relations allow an easy identification of the materiai  constants of
the crystallographic model from the macroscopic one. Due to the lack of data on the behavior of
the y phase alone, the material constants for the viscoplastic  law are obtained by solving the
inverse identification problem, through the identification of the macroscopic tensile curve of the
y/y’ alloy. In this material, the misfit has a negative value at high temperature, and we have used
the data given in the literature: 6 = -0.3Y0 at 1050°C [16]. A uniform displacement is then
imposed on one face of the unit cell, with the same strain rate as in the 401> tensile test. Figure
13 shows the prediction of the macroscopic tensile curve delivered by the finite element
calculation. The comparison with the experimental monotonic curve and the first quarter of cycle
of cyclic tests is considered as good enough for this preliminary qualitative study.

Due to misfit stresses, the prwipitate / matrix coherency requires that the precipitate is initially
in tension while the matrix is mostly in compression. Stresses are minimum in the middle of the
matrix channels, and maximum near the comers of the precipitate.
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Figure 13: Prediction of the monotonic tensile curve by F.E. calculation
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The distribution of von Mises stresses is shown in Figure 14.
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F@re  14: @uivaIent von Mises stress contours due to lattice misfit: Within the matrix and the
mecipitate  (a); Only within the matrix (b)
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The stress state is mostly triaxial in the matrix channels, the shear stress components are
localized in the first row of eiements  that surrounds the corner of the precipitate. These stresses
induce low levels of plastic strains in the matrix. PI ast~c shear strains concentrate along the edges
of the precipitate, with a higher intensity however, than the normal strain components. It is worth
to note here, that the introduction of the misfit stresses has practically no influence on the
resulting tensile curve. The same macroscopic curve is obtained, with and without misfit stresses
[19].

At the end of the tensile loading, maximum stresses are obtained in the middle of the matrix
channels perpendicular to the loading direction. Shear stresses are still low and limited to the first
row of elements, but they are now developed in all the elements that surround the precipitate. A
very large plastic flow can be observed in the matrix. The axial  component is in tension in all the
matrix, except in the middle of the channels perpendicular to the loading direction (intersection
of horizontal and vertical matrix channels), where it has a very high negative value. An important
strain gradient is developed from the horizontal edges toward the center of cross-channels. After
unloading, very small residual stresses are obtained. In the case of cyclic loading, compression
loading leads to the same kind of distributions, with inverted signs for stress and strain
components.

The calculations were also made with a crystallographic model, using Schmids criterion.
Predictions with both models are almost identical at rnesoscopic  level (internal stress and strain
distributions) and only a smd dfierence  is seen at macroscopic level. The crystallographic model
provides additional information on the activated slip systems. Cube slip occurs in the first row of
elements that surrounds the precipitate, that correspond to the elements where the shear stresses
and shear strains Iocalized in the calculations with the macroscopic model.

Several calculations have been performed on various rafted microstmctures. Based on
microstructurales observations, two typical shapes of precipitates are mainly studied. One is a
raft, that is typical of the microstructure generated by a tensile loading, the other one is a rod,
typical of the microstructure generated by compressive loading. In all cases, the influence of the
microstructure is evaluated through its effect on the macroscopic tensile curve. All the curves are
compared to the reference tensile curve, which is provided by the calculation based on a cuboidal
precipitate and a y‘ volume fraction of 68%. Several parameters have been studied here, such as
the elongation of the precipitate, the depth of the raft or the volume fraction. The influence of the
thickness of the horizontal and vertical matrix channels has also been evaluated. It is observed
that either an increasing or a decreasing of the strength, compared to the reference situation, can
be predict by the calculations, according to the morphology and the loading direction (Figure
15). The volume fraction has a very high effect on the strength of the material. It is also clear that
the initial cubic symmetry, characteristic of the material in its initial state, and which is a basic
property of the mechanical models developed for these materials, is lost when the coarsening
occurs. Figure 16 illustrates the prediction obtained for the morphology schematically
represented on the figure, with a horizontal matrix channel much more thicker than the horizontal
one. The volume fraction has been reduced down to 50Y0, that is also more consistent with the
measurements made on the same alloy at 10500C  [20].

This F. E. model is then able to provide much information on the mechanical properties, at
mesoscopic and macroscopic scales, according to the considered microstructure. This is also an
interesting tooL for the development of macroscopic models, taking into account the y and ~
phases, since it can be used as a numerical test machine.
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Figure 15: Influence of they’ morphology Figure 16: Influence of the channel thickness
and of the volume fraction

3.3 ENSMP: Localized Deformation in Single Crystal Superalloy

3.3.1 Slip Bands, Kink Bands, Shear Bands in F.C.C. Single Crystals

These localized deformation modes in single crjjstals have been interpreted as bifurcation
modes for the non-linear boundary value problem, as done since Hill and Hutchinson  [21]. A
bifurcation analysis can be performed for single crystals undergoing symmetric multiple s~ip at
srmdl strain. The small strain framework allows us to consider situations for which 4, 6 or 8 are
simultaneously activated. In contrast Peirce [22] studied double  slip configurations at finite
strain. For single slip the slip band and the kink band are equivalent bifurcation modes. Non
crystallographic shear band orientations have been found for all other cases [23], For one and
four slip systems, bifurcation may occur as soon as the hardening modulus vanishes. In all other
cases the theoreticrd critical hardening modulus is strongly negative so that symmetry-breaking
bifurcation modes may develop earlier. The predicted bifurcation modes have been simulated
using the FE method within the framework of crystal plasticity. In each case the actual  3D
geometry of f.c.c. single crystals has been considered. In contrast most simulations of shear
banding in }iterature make use of Asaro’s planar model with 2 or more fictitious slip systems.

3.3.Ll LOcal Strain  Softening

Asaro arid R= [24] have proved that bifurcation can occur in single crystals for single slip at
finite strain wifi  P@itive values of the hardening modulus. This is due to local geometrical
sofiening  and ~so non-schmid effects. However, this becomes possible only after significant
straining and come slip bands are observed ex~rimentally  much earlier. Intense slip bands can
appear at incipient PlasticiV and play a significant role in fatigue. This explains why strain
softening must be introduced to trigger localization phenomena at the beginning of plastic flow.

%. 1

,.:
,.



.

. 19

The finite element simulations have then proved that a slip band can nucleate in a zone of local
softening and cross surrounding hardening zones or subgrain boundaries and eventuall y the entire
cross-section of the specimen. This is accompanied by a serration  on the Ioad-displacement
curve. The introduction of subsequent hardening after the softening period into the constitutive
bhaviour  leads to the formation of a slip band and the propagation of the localized deformation
zone over the entire gauge length of the specimen in a way similar to Piobert-Luders bands. A
naive view of these softening-hardening periods in single crystal behaviour  could be the. . . . . .
fol~o wing: once some obstacl& for dislocation motion have been freed on some slip planes,
deformation localizes in them (softening period); afterwards dislocations are more and more
trapped on these planes and this leads to subsequent local hardening. Deformation will then take
place in other virgin zones of the specimen.

3.3.1.2 Effect of Latent Hardening

Dislocation interactions are represented in a phenomenological  way by the interaction matrix
\j Strong eflkcts  of latent hardening on localization for symmetric double slip have been shown
numerically. They can all be explained by the simple relation:

kAy=-Q(hll-h12)AY

where linear viscosity is assumed (coefficient k), A y denotes the difference of slip amount for. . . .
two sli~ svstems and-Q is a hardening modulus. In particular the usual case and copper cqwtals.-
for-inst&-& that is h,l < h,z (latent hardening strictly speaking) leads to stable symmetric double
slip configurations in the softening regime. In the formed shear bands both slip systems are.
simultaneously activated but their orientation is non crystallographic.

3.3.1.3 Effect of Lattice Rotation

The analysis with a formulation of the model
at finite strain shows that, even though
bifurcation occurs after only small straining, the
final simulated bifurcation modes are different
whether lattice rotation is taken into account or
not. The macroscopic load - displacement
curves are very similar for the two cases but, in
the case of single slip, the finai  band can be a
slip band or a kink band depending on the
location of the defect and on the small or large
strain framework. Large amounts of lattice
rotation have been detected in the kink bands.
An example for the different predictions of the
small and the large strain model is shown in
Figure 17.

Figure 17: Bifurcation modes obtained with the
small (left) and large (right) strain formulation
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3,3.2  Description of Lattice Curvature and Torsion Within the Framework of the
Mechanics of Generalized Continua(

Mandel [25] has laid the basis for a cIassicaI treatment of finite deformations of single crystals.
so~ results of the last section have led us to think that the classical framework is too restrictive
to deaI with non-homogeneous deformation of single crystaIs when strong lattice rotation
gradients are present. The fact for instance that slip band and king band are equivalent
bifurcation modes for single crystals undergoing single sIip according. to the analysis at sma.11
strains as welJ M the ~~ysis  at finite strains by Asaro and Rice [24], shouid be regarded as a
deficiency of the classical model of crystal plasticity. For slip bands and kink bands are very
different physical phenomena observed under different conditions. Contrary to slip bands, kink
bands induce strong lattice rotation gradients. The associated strong lattice curvature is
accommodated by geometrically necessw  dislocations. A more precise description of
dislocation populations within the representative volume element should distinguish
geometrically necessary dislocations from statistically stored dislocations, The classical hardening
variables are related only to scalar dislocation densities measuring the total length of dislocations
in the volume element. As for it the continuum theo~  of dislocations, since Nye [26], considers
only the dislocation density tensor which measures the resulting Burgers vector over a volume
element. In the present work, we have proposed to incorporate both aspects into the continuum
modelling  of singIe crystals. The main feature of the theory is that the description of lattice
curvature associated with a non-vanishing dislocation density tensor and of the accompanying
couple stresses requires the extension of the continuum to a Coserat continuum (at least).

1 3.3.2.1 Finite Elastoviscoplasticity of Cosserat Crystals

I Recent advances in the mechanics of generalixd  continua have been used to develop a
Cosserat  theory for single crystals at finite deformation and curvature. The decomposition of the
deformation gradients into elastic and plastic parts is multiplicative as usual, whereas the wryness
tensor admits a quasi-additive decomposition. We have assumed that the plastic lattice curvature
and torsion are accommodated respectively by edge and screw dislocations belonging to
octahedral slip systems in f.c.c. single crystals. The curvature and torsion angles over a
characteristic length due to each type of dislocation are internal variables in addition to the
amounts of slip for each slip system. The evolution of plastic deformation is due to sIip
processes:

FPF P-l . ~ y$nl’63z’
S4

where rnS is the slip direction for slip system s and 2 is the normal to the slip plane. The
evolution of plastic curvature r p follows

(-x ;t’@m’+yf~~p-1 _ “.’ ( 11m’@3m’— —
sex 2 )1

where edge L and screw o dislocations are taken into account. ~S denotes the dislocation line
vector. Explicit constitutive  equations have been proposed in the case of elastoviscoplasticity.
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A important corkequence of the theory is that lattice rotation gradients are associated with
dissipation. The production of geometrically necessary dislocations is cIearly a dissipative
process.

3.3.2.2 Hardening Due to Lattice Curvature and Torsion

A coupling between plastic curvature and plastic deformation has been introduced at the level
of the hardening rule to represent the influence of slip plane curvature on further dislocation
motion. Experimental evidence of such hardening effects have been provided in the fifties [27,
28]). An interesting experiment would be to anneal a specimen after twisting and then perform
a tensile test again in order to separate the hardening effect of local inhomogeneous  lattice
torsion from the interaction with stored dislocations belonging to the newly activated slip
systems.

The simulation of a torsion test will be an interesting first application of the theory. The
determination of material parameters wiIl require additional experimental investigations We
simpIe  bending tests folIowed by tension and torsion tension tests on SC 16 single crystals with
annealing at larger strains.

3.3.3 Mesh Dependence; PhysicaIIy  Motivated ReguIarization  Methods

Results of calculations performed in a domain in which the uniqueness of the boundary value
problem is not ensured must be interpreted with much caution. The predicted post-bifurcation
behaviour in such cases is totally mesh-dependent. In particular, in our computations, the load
drop (apparition and amplitude) and the post-bifurcation part of the load-displacement curves
depend on the type and size of the elements, on the integration and resolution a~gorithms  and on
precision. The width of shear bands is also mesh-dependent. In contrast the orientations of the
obtained shear band turn out to be mesh-independent. In particular the Localization bands do not
coincide with the diagonal of square elements, as claimed sometimes in literature, provided
quadratic elements are used. We couId reproduce the whoIe variety of sometimes very peculim
predicted orientations.

3.3.3.1 Role of Viscoplasticity

A complete set of uniqueness and well-posedness  theorems and localization criteria, as
established in elastoplasticity,  is still lacking in the case of viscoplasticity.  Our numericaI
investigations show the pseudo-regularization role played by viscoplasticity.  Mesh-dependence
turns out to decrease dramatically with increasing viscosity bus the associated Focalization modes
become more and more diffuse.

3.3.3.2 Regularization Effects Within the Cosserat Framework

Many regularizing methods have been proposed in the Literature during the last ten years. The
use of a Cosserat continuum is one of them. However, they are often used in an ad hoc manner
without solid physical background. In contrast we have developed our Cosserat theory in order
to enrich the desmiption of dislocation distribution at the continuum levei and then inspected the
possible regularizing capabilities of the model. Regularization  can be expected only if a strong
coupling exists betwmn  lattice curvature and deformation. This is the case for kink bands but not
for slip bands.
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3.3.4 Between

Throughout

Phenomenology and Micromechanics

this work we have tried to combine the efficiency of phenomenology  with the
sound has-is on micro-mechanics and physics. The description of the kinematics of sing-le crystals
in both classical and Cosserat  cases has its roots in crystaHography  and dislocation theory,
whereas the hardening rules at the slip system level  have a phenomenological  character.
Similarly, in the modelling  of two-phase matefials, we have adopted the phenomenologically
motivated concentration law proposed by Pllvin [29] in order to overcome the tremendous
difficulties of self-consistent modelling  in elastoviscoplasticity  under complex loading paths.
Identification methods performed at the macroscopic level and at a more microscopic level, are
presented. They require heavy computations but, once the parameters have been determined,
they provide explicit constitutive  equations that can be used for structural calculations for
industrial purposes.

3.3.4.1 Effective Behaviour  of Multiphase Materials

The method is based on the choice of one or more representative morphological patterns
representing to some extent and in a statistical manner  the microstructure of the material.
According to the self-consistent scheme, this representative cdl is embedded in the infinite
unknown homogeneous equivalent medium. Homogeneous or mixed boundary conditions are
prescribed at infinity. The corresponding calculations are performed using the FE method. Trial
values of parameters characterizing the homogeneous equivalent medium must be chosen and
can be some bounds in the elastic case. An optimization process runs then until the mean value
of strain over the whole representative cell equals the macroscopic strain prescribed at infinity,
up to a certain tolerance. This is the so-called “self-consistency condition”. The method provides
exact self-consistent estimates in the elastic case.

3.3.4.2 Quasi-Seif-Consistent  Modeiiing  in the Non-Linear Case

In the non-linear case we have assumed that the form of the constitutive  equations for the
homogeneous equivalent medium is known. Some parameters intervening in them are then
determined using the same optimization procedure as previously, to best fulfill the
selfconsistency  conditions along some loading paths. If the proposed form of the homogenized
constitutive equations is pertinent, this condition will then hold
loading paths. This must of course be checked. We have
concentration rule in the isotropic case

Oi=z+p (B +3,)

approximately also for other
used the following explicit

with

i

This relation gives fie local mean stress in phase i knowing the macroscopic stress Z and the
mean viscoplastic  s~ain Ep i in each phase. j denotes the volume fraction of phase i. We have
checked using the FE ~thod that it predicts with enough accuracy the mean stress state in each
inclusion of phase j in the cyclic and non-proportional cases, even for elasto-viscoplasticity.
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3.3.4.3 Extension  to the Anisotropi~  Case; Behaviour of SC14 at 950 ‘C

Micromechanical  modelling of single crystal nickel-base superalloy is usually based on an
assumption of periodicity.  In contrast, we have adopted the self-consistent approach which is
appropriate mainly for totally disordered phase or pattern distributions. One of the reasons is that
the phase distribution is quasi-periodic at the scale of some precipitates (some microns) but no
space correlation subsists at the scale of 100 or more precipitates which corresponds to the
characteristic size retained for the volume element. The inclusion-matrix morphology has been
taken  into account via the generalized self consistent scheme. An extension of the previous
concentration rule to the anisotropic  case is

rJ. x+ C:(I-S):( B-@)

where C is the cubic elasticity tensor and S the associated Eshelby  tensor. The constitutive
equation for the two coherent single crystal phases involved isotropic and kinematic hardening
variables at the slip system level. The evolution equation are non linear. The material parameters
describing each phase must also be determined because the behaviour  of each phase within the
aggregate is to a large extent unknown. For that purpose experimental data concerning on the
one hand the macroscopic response of the material under tension and cyclic loading and, on the
other hand, as much microscopic information as possible (local strains, activated s~ip systems...)
must be introduced into the identification procedure. We have distinguished “geometrical”
parameters (here parameter D) from materials parameters (viscosity, hardening...): both sets of
parameters must be identified simultaneously. The determination of the “geometrical” parameters
requires large-scale FE computations over the representative cell embedded in the infinite
homogeneous equivalent medium to ensure the fulfillment of the “self-consistency” condition,
whereas homogeneous mechanical tests are simu~ated  and compared with experimental results
for the identification of the material parameters. A simultaneous identification procedure is
necessary &use the “geometrical” parameters intervening in the concentration rule depend also
on the behaviour  of each phase.

Only scarce Mormation  on the stress-strain state of each phase during straining was available.
The onIy clear microstructural  information is that at high temperature and for low strain rates
deformation takes place mainly in the matrix channels. During the identification procedure,
constraints have been imposed on the relative critical shear stresses and hardening moduli of the
two-phases. A satisfying description of tension and cyclic tests in direction [001] has been
obtained. The tensile behaviour  in directions [111] and [01 I ] is also correctly accounted for, but
additional experiments are needed. With the proposed parameters, the model fidfills  the “self-
consistency” condition for tension tests in directions [001] (identification) and [011] (prediction).

3.3.5 Quantitative Analysis of Localized Deformation

Sophisticated mechanical models accounting for non-homogeneous deformation of materials
cannot develop without parallel advances in experimental techniques of local strain
measurements. We have shown that strain gauges can be used if the location of strain in-
homogenities  area Priori  known.
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3.3.5S Local Strain Measurements in Non-Uniform Fields

The analysis of tension-torsion tests on SC 16 single crystals at room temperature proves that
very complex strain distributions can be detected using a sufficient number of strain gauges. This
requires constant exchanges between FE simulation, specimen preparation and final testing.
Preliminary calculations are needed to choose carefully the number and location of the strain
gauges. The fdback to the model has shown good prediction capabilities of the classical crystal
plasticity framework. Tests on [01 i ] and [111] specimens are planned and the comparison of
local measurements with the FE analysis will be performed. Nevertheless, the use of strain
gauges is not well-suited for torsion at larger strains. Furthermore experimental techniques are
still lacking to investigate the strain field during torsion at high temperature.

3.3.5.2 Interpretation of Tensile Curves for Single Crystals at Low Temperature

Some common features can be noticed between tensile curves of single crystal nickel-base
superalloy at room temperature. The yield point is followed by a small load drop, a plateau and
subsequent hardening. We would like to emphasize the fact that such load-displacement curves
r-nay well be systematically associated with non-homogeneous deformation of the specimen
during testing. Experimental evidence of intense slip band propagation has been shown in the
project. A tentative modelling  of this phenomenon has been proposed. It is likely that the actual
hardening properties of the material can be read on the load-displacement curve only once slip
bands have invaded the entire specimen gauge, which corresponds to the subsequent hardening
period. A quantitative modelling  of slip band propagation could integrate these hardening
properties as the intrinsic hardening behaviour  of the single crystal, after a short imperceptible
~oc~ softening transition to trigger localization. However any quantitative analysis of post-
bifurcation computations requires the use of a regularizing method as explained previously.

3.4 IMMG: Testing Under Torsion - Internal Pressure Loadings and Techniques for the
Measurement of Local  Strains

This part of the project is mainly addressed to the design of a combined torsion - internal
pressure testing machine and to the development of a high-temperature strain measurement
syste~  For that reason most of the results obtained here are found to be in chapter 2.4 which is
devoted to the technical description of the project.

The testing programme on the single crystal superalloy MC2 was not intended to characterize
the behaviour  of the aJloy in detail. The objective was rather to perform selected tests under
internal pressure ador cyclic torsional loadings on tubular specimens which will provide further
experimental results on the anisotropic  deformation of the alloy using the optical microscope
described above and/or suitable extensometry.  Certain tests were ah taken to failure in order
to provide additional information on the failure mechanisms in this allloy.  The cyclic torsional
loads  have either been applied under torque control, at a loading rate of 0..5 Nm/see, or under
torsional angle control, at an angular rate of 0.01 “kc. Two grids of markers were positioned
centrally within the gauge length, in the [100] and [1 10] orientations respectively, and in addition
an angular extensometer was positioned just outside the gauge length section of the specimen
measuring the [100] deformation.

The main results from the MC2 testing programme are summarised in the following
paragraphs. All tests were conducted with specimens within 6° to the <100> orientation.
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(i) The cyclic torsion, load controlled tests conducted at 850”C and 9500c have shown that
the shear strains in the [1 10] grid are significantly higher than those measured in the [100] grid.
Such measurements are presented in Figure 1 from a test where the first two cycles were
conducted at 850° C while in the two subsequent cycles the temperature was raised to 950°  C.
The shear strains from the [100] grid also agree closely with those from the [100] extensometer.
These measurements therefore confii  the kxalisation  of the deformation in ‘softer’ [11 O] zones,
as found in ‘similar’ alloys either from R.T. measurements or from observation of the slip traces
[30].

(ii)The angle controlled cyclic tests conducted at R.T and 105O”C have shown that a stable
response is obtained rapidly, within the first couple loading cycles. From the measurements of
the [100] extensometer, at the onset of plastic fIow the critical resolved shear stresses for cubic
slip, in accordance with Schmids law, were found to be 394 MPa and 56 MPa at R.T. and
1050”C respectively. In the 1050°C  test the crack initiated circumferentially  within the [ 110]
grid zone and it subsequently ‘branched’ along the axial direction of the specimen.

(iii)A further test was conducted at I050”C with the objective of ascertaining the burst
pressure following the application of an initial torsional pre-loading cycle at 950”C.  The internal
pressure was raised in stages and ultimately rupture occurred at an internal pressure of 58.9 MPa
or equivalently a hoop stress of618 MPa. This compares well with empirical expressions used in
pressure vessel design which give a burst pressure of 55 MPa for a U.T.S value for MC2 of
580 MPa at 105O”C. The ruptured MC2 specimen ‘opened axially with the slit normal to the [-1
-1 O] orientation.

4. Conclusions

The microstructure of single crystal superalloy is metastable  and change due to thermal load
as well as to mechanical load. At BAM, the rnicrostructural  observations of the alloy SC14
having about 40% y’- volume fraction at 20”C has revealed that thermal loading leads to
coarsening processes, in the course of which the y’- precipitates loose their initially cuboidal
shape and in particular decrease the curvature of their edges. Mechanical loading leads to
directional coalescence of precipitates and to the formation of rafts. In case that the (001)
crystal axes is parallel to the load axes, the rafts may form parallel or perpendicular to the load
axes depending on the sign of the external load and on various material properties as the ratio of
stiffness parameters of the phases and the ongin of the eigenstrain.  In case that the load axes
deviates from the (00 1) crystal axes, the growing direction of the rafts are not parallel or
perpendicular to the load axes anymore, rather their growing direction follows almost that
deviation. A change from a tensile load to a compressive load leads to a more or less chaotic
change of shape and arrangement of the rafts.

These phenomena have been simulated and predicted by the BAM model that describes the
evolving microstructure in the course of time and takes into account diffusion and order-disorder
transition under the influence of anisotropic microstresses.
By means of Fast Fourier Transformation a very effective Fortran code has been developed and
is implemented on a DEC 3000/500 AXP machine. The code can be used to compute all
components of microstresses and rnicrostrains  and to simulate the morphology on the micro scale
for various choices of material parameters.

Mechanical tests were performed at high temperature on the single Crystal nickel base
superalloy SC 16 with different crystal orientations. The tests were conducted under monotonic-,
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creep-, LCF- and torsional Ioading. A broad field of experimental parameters were covered to
establish a data base which can be used to calibrate constitutive  models. A correlation between
the high temperature deformation behaviour  and the evolving microstructure has been made. To
achieve that, microscopical investigations to characterize the microstructure at different stages
of the plastic deformation have been carried out. The experimentally observed deformation
behaviour  has been compared with model predictions. A good agreement between material
response and model  simulations was observed.

The coarsening of y’- preticipates has been widely studied in the literature, but mainly from a

~
material point of view. The effect of morphology changes on the mechanical properties is not
really well understood. Most of the information that can be found in the literature concerns the
influence of the microstmcture  on monotonic loading conditions.

There are no instigations known concerning the influence of an evolving microstructure on
the cycIic behaviour.  The tests performed in this project at ONERA have shown that the
rnicrostructural  evolution, occuring  at each cycle, induce a decreasing strength of the alloy.
These first results are still limited and need further experimental investigations.

The finite element code developed at ONERA can predict the experimentally observed
I

behaviour.  For that, one has to be very careful in the individual identification of the matrix and
precipitate material behaviour,  respectively. Furthermore, it is very important to take the most
realistic y’- morphology into account if the matrix law is considered. The assumed elastic law for
the precipitates has also great influence on the overall y/y’- behaviour.  Actual data are not
sutlicient  and precise measurements are required to improve the predictability of the model.  After
having the model constants being set, various deformed microstructmes can be considered, and
the model can be used to study the macroscopic behaviour  for various loading directions, in
particular those that cannot be simulated in the experiment. This is an essential point, because it
has been shown that the initial cubic symmetry is lost when rafting occurs. The realization of
such kinds of tests is then indispensable to fit the constants of the appropriate orthorombic
symmetry.

Furthermore, the study done at ONERA has shown that macroscopic models for two phase
alloys, deduced analytically from microscopic behaviour, are not sufficient to describe the
material behaviour  in the case a very high volume fraction of precipitates. Here again, further
investigations are needed.

Due to the two phase structure of single crystal superalloy the deformation at high
temperature is heterogeneous at the microscopic IeveI. A constitutive  model that takes into
account the individual average deformation in each of both phases and the various slip systems
has been developed. The identification of its parameters has been done for the aIIoy SCt6 at
950”C.  “For this, <001> and <111> oriented crystals had been used. The resulting predictive
capabilities of the model was demonstrated for 401> oriented crystaIs.

Localized deformation modes, i.e. slip bands, kink bands and shear bands, that may occur in
single crystal superalloy, have been interpreted as bifurcation modes that may appear due to the
non-linear boundary vahe problem. Obviously localized deformation modes are accompanied by
the phenomenon of local strain softening, which requires a carefuI numerically study in order to
avoid rnisleadhg results. The effects of mesh dependence the role of viscopIasticity  and other
regularization  methods have been demonstrated.

Tension-torsion tests at 20°C for the alloy SC 16 exhibited a very complex strain distribution
which were investigated by several strain gauges at the specimen. TWO important things have
turn out: (i) Strain gauges are appropriate only in the small strain range, (2) There is currently
no precise method to detect the strain distribution in tension-torsion tests in the high temperature
range.
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The development of material models and failure criteria for Single Crystal alloys requires their
testing under biaxial loadings and also the local measurement of the deformation due to their
anisotropic behaviour.  The laboratory prototype testing machine developed in this project offers
the flexibility of applying combined internal pressure/torsional loadings. In addition, due to the
‘safe’ use of the borosilicate  glasses as the pressure transmitting medium, it offers new
possibilities for local strain measurement using a long distance microscope and image analysis
techniques. These developments in experimental techniques have been applied to the testing of
MC2 in the temperature range of 850-1050° C. These tests have provided further experimental
results on the anisotropic  deformation of MC2 and in particular the locaIisation  of the
deformation in the ‘soft’ [110] zones. However experimental difflcuhies,  arising primarily by
testing at such high temperatures, have affected the accuracy of the local measurements at low
strain levels.
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