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Abstract 

Nuclear reactor steam generator tubes, manufactured from Nickel alloys such as Inconel 690 

(INC690), are potentially susceptible to failure by Stress Corrosion Cracking where crack 

initiation may be exacerbated by internal stress fields.  A more comprehensive understanding of 

this potential failure mechanism was gained via an exploration of a model of INC690‟s behaviour 

under Constrained loading conditions in compression and tension.   An Elasto-Plastic Self-

Consistent (EPSC) model was used to predict the lattice stresses and strains resulting from 

Constrained loading in INC690 for four crystallographic planes.  The internal strain fields 

generated under such conditions were shown to be markedly different from those developed 

under Uniaxial loading.  Finite Element Modeling was used to design tensile and compression 

samples as well as a testing rig that would allow the application of a compressive load along one 

axis of the specimen with simultaneous constraint along another and free-deformation along the 

third.  Lattice strain measurements were done for both compressive and tensile loading using 

Time-Of-Flight neutron diffraction.  The predicted and experimental values showed reasonable 

agreement; mainly in terms of crystallographic plane interaction and behaviour.  Iterative 

computer modeling was used to achieve a more realistic depiction of the lattice strains developed. 

This research allowed for an extension on the Uniaxial findings by examining the material‟s 

behaviour under more complex loading that better approximates steam generator tube operating 

conditions. 
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Chapter 1 

Introduction 

1.1 Background 

1.1.1  Nuclear Reactors 

Nuclear power is an extremely important component in the energy plans of many countries, 

especially of Canada.  With a drive towards more clean sources of electricity, nuclear power will 

become more relevant all around the world.  With such a demand being placed on nuclear 

reactors it is vital that all components function at their maximum capabilities for extended periods 

of time without the risk of failure.  While the designs of various reactor cores differ greatly, the 

overriding concept remains similar, especially with regards to the heat exchange elements.  An 

example of one such design can be seen below in Figure 1 which features a diagram of a 

simplified CANDU nuclear power plant:   

 

Figure 1: CANDU Nuclear Reactor [1]. 
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From this schematic, it can be understood that within the reactor core fission reactions release 

energy as heat to a pressurized primary coolant.  This heated coolant enters the steam generator 

via a primary coolant loop where it passes its heat onto a secondary less pressurized coolant 

(water) loop.  The secondary coolant evaporates creating steam which turns a turbine to generate 

electricity that is distributed to homes and businesses.  A tertiary cooling loop full of lower 

temperature liquid (often water from a nearby lake or other body of water) interacts with the 

steam to condense it and return the secondary loop coolant to the liquid state so that the cycle can 

recommence.  The three coolants do not physically interact in order to prevent radioactive and 

chemical transfer; there is simply an exchange of heat.   

1.1.2 Nuclear Steam Generators 

The first exchange of heat that takes place in a nuclear power plant occurs within the reactor core 

itself where the fission process heats the primary coolant.  It is however the second exchange of 

heat, between the primary and secondary coolant loops, that is responsible for the generation of 

usable electricity to be dispensed to the grid.  This second heat exchange takes place within the 

Steam Generator (SG).  A recirculating steam generator can be seen below in Figure 2.  This type 

of SG is used in the CANDU reactor design and under normal operating conditions functions 

with a primary coolant inlet temperature of approximately 320ºC and an outlet temperature of 

around 290ºC.   
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Figure 2: Recirculating SG, CANDU Combustion Engineering, Westinghouse [2]. 

In this design, steam returning from the turbine as condensate (liquid water) passes into the 

system via the “feedwater inlet” and progresses into the “downcomer annulus”.  It is added here 

to water from the “steam moisture separators”.  This coolant returns to the bottom of the SG 

vessel and then up over the array of tubes carrying the hot primary coolant directly from the 

reactor core.  The secondary coolant then boils and the steam exits the SG by the “steam outlet” 

after having been dried by the “steam moisture separators”.  The cycle then begins anew in order 
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to maintain an acceptably safe temperature in the reactor and to achieve constant electricity 

production. 

1.1.3 Steam Generator Tubing Material 

Within a typical, commercially operated steam generator there are several thousand SG tubes, 

each with a diameter of ~1 – 1.5 cm.  These tubes are bent into U-shapes and serve as a barrier 

between the primary and secondary coolants.  The study of the properties and behavior of the 

materials used to construct these tubes is significant because of the wide-reaching effects of tube 

failure.  The coolant contained within the primary loop comes in direct contact with the reactor 

core and thus any damage to the fuel elements could result in the coolant transporting radioactive 

products.  Additionally, if corrosion products from the tubes themselves travel through the core 

they too can become activated.   If a leak were to occur in the SG tubes and the radioactive 

materials were transferred to the secondary coolant there is increased potential for both radiation 

exposure of the workers at the power plant and the release into the surrounding environment.  

Additionally, if failure were to occur in a large number of SG tubes, there is a heightened risk of 

loss of coolant to the reactor, a phenomenon which is potentially very dangerous.  Regardless of 

the number of steam generator tubes that fail prematurely, the cost associated with replacing the 

tubes and other damaged components as well as the loss of business due to reactor “down time” 

can be quite high.  There are therefore environmental, safety-related and cost-minimizing 

incentives to predicting and preventing as best as possible steam generator tube failure in an 

operating nuclear reactor. 

Prevention of SG tube failure begins with understanding the materials employed to fabricate these 

tubes.  Originally, Canadian-designed CANDU facilities used Monel 400 and Inconel 600 as 

tubing material whereas the Pressurized Water Reactors (PWR), popular in the United States, 
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utilized mainly Inconel 600 (INC600).   Some of these materials were found to fail too readily so 

an alternative, Inconel 690, has been incorporated in newly constructed or refurbished PWRs.  In 

CANDU reactors Incoloy 800 has been used.  The elemental composition of these four alloys can 

be seen below in Table 1. 

Table 1: Elemental Composition of Inconel Alloys (values in percentages) [2]. 

Element Monel 400 Inconel 600 Inconel 690 Incoloy 800 

Cu 28 – 34 -- -- -- 

Ni >63 >72 >58 30 – 35 

Cr -- 14 – 17 27 – 31 19 – 23 

Fe <2.5 6 – 10 7 – 11 >39.5 

Mn <2.0 <1.0 <0.5 <1.5 

 

These alloys are Face Centered Cubic (FCC) polycrystals that belong to a family of austenitic 

Nickel alloys which perform well in high temperature, caustic environments. All have generally 

good corrosion and oxidation resistance and are able to maintain their strength over a wide 

temperature range (to several hundreds of degrees) – such characteristics align these alloys well 

with life in a nuclear reactor.  A comparison of several important material properties for the four 

main Nickel alloys can be seen below in Table 2. 

Table 2: Material Properties of Inconel Alloys at Room Temperature [2]. 

Material 

Property 
Monel 400 Inconel 600 Inconel 690 Incoloy 800 

Yield Strength 

(MPa) 
175 – 255 170 – 345 334 183 

Ultimate Tensile 

Strength (MPa) 
490 – 595 520 – 690 690 524 

Elongation (%) 35 – 55 35 – 55 50 60 
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As is evident in Table 2, the mechanical properties of the replacement material INC690 are in the 

top ranges of the INC600 values.  However, what makes the INC690 the preferred choice for 

PWRs is its superior corrosion resistance due to its increased Chromium content. 

1.2 Theory 

1.2.1 Stress Corrosion Cracking 

During the course of a nuclear power plant‟s operating life, steam generator tube failure can take 

on many different forms such as wastage, denting, fretting and Stress Corrosion Cracking (SCC) 

[2].  These failure modes degrade different parts of the steam generator unit and occur with 

varying degrees of severity.  The most significant failure mechanism in these tubes is Stress 

Corrosion Cracking.  SCC can occur in two ways: Primary Water Stress Corrosion Cracking 

(PWSCC) is found on the inner diameter of a tube, which is exposed to the relatively controlled 

chemistry of the primary coolant and Inter-Granular Attack Stress Corrosion Cracking (IGASCC) 

is seen on the outer diameter, which is exposed to the more variable chemistry of the secondary 

coolant. 

Stress Corrosion Cracking, either PWSCC or IGASCC, is a corrosion mechanism that is 

exacerbated by high residual stresses in the component.  Stress fields induced in the material via 

manufacturing processes (especially bending), installation, operating pressures, thermal gradients 

or vibrations aggravate flaws to the point of becoming cracks which rupture the tubes.  On the 

inner tube diameter, at regions of high residual stress, such as the inner U-bends, roll-expansion 

joints or tube-to-tube sheet crevices, cracks can be formed, most often in the Axial tube direction, 

and propagate to failure with the addition of operational stresses; this is termed PWSCC.  On the 
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outer tube diameter, boiling secondary coolant causes impurities to concentrate in certain areas 

where the flow of water is low enough to allow them to accumulate.  With the added influence of 

high temperature, inter-granular attack leads to flaws being generated along grain boundaries.  

When intensified by residual and operational stresses these flaws lead to the failure mechanism 

known as IGASCC.  The added Chromium in the newer INC690 aids in the prevention of 

corrosion damage by delaying the depletion of Cr near the grain boundaries which in turn leads to 

a proportional decrease in corrosion rate.  However, this improved material property does not 

negate all failure since PWSCC and IGASCC may still arise in tube sections where the stresses 

are highest.  It is thus important to understand the nature and development of these stresses and 

the corresponding strains in order to better predict the life span of steam generator tubes made of 

INC690 and other related alloys. 

1.2.2 Elasto-Plastic Self-Consistent Modeling (EPSC) 

An exceptional tool for understanding the behaviour and lifespan of such Nickel alloys is the 

Elasto-Plastic Self-Consistent modeling software, more commonly called EPSC.  This code 

calculates the response of a polycrystalline material under load or under a varying heat treatment 

with the aid of input texture data, Single Crystal Elastic properties, other material properties, 

hardening parameters and the desired deformation modes.  The program was developed by Turner 

and Tomé as an adaption of the Eshelby Equivalent Inclusion Formalism (1959) with input from 

Hill‟s work in 1965 and Hutchinson‟s implementations in 1970 [3,4,5,6,7].  Eshelby‟s work 

incorporated here was based on solving the problem of having elastic stress and strain in an 

inclusion which was surrounded by an infinite homogeneous medium, which in turn had its own 

set of elastic constants, the entire system experiencing uniformly applied, external stress.  
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Eshelby‟s theorem was expanded to the plastic regime by introducing an incremental numerical 

solution. 

The EPSC software can be used to predict stress and strain in a specimen as a bulk response or as 

the elastic response of specific crystal orientations normal to specific {hkl} crystallographic 

planes.  Individual grain orientations are modeled as ellipsoidal inclusions within the bulk of the 

material, which is treated as a Homogeneous Effective Medium (HEM).  The shape and size of 

the ellipsoids are defined along with the input Orientation Distribution Function (ODF) texture 

file and in the case of INC690 and INC800 the grains are modeled as spheres (representing 

equiaxed grains).  Without placing boundary conditions on the individual grains, the uniform 

stress and strain states within the model ellipsoid are determined through an iterative process so 

that the HEM can mimic the average properties of all the grains defined in the system while 

maintaining the single crystal behaviour of the inclusion.  This process occurs by way of 

calculating stress and strain increments for every grain, then taking the weighted average of the 

whole.  The overall strain is compared to the input desired macroscopic values for the total 

sample – iterations are performed until the average and the applied strain conditions are 

acceptably (within reasonable error) similar.  This equilibrium within the system – unique strains 

in each grain but an overall uniform stress regime – is what makes the model “self-consistent”; 

“elastic-plastic” refers to the regions of operation [3]. 

Since each grain is calculated individually it is possible to track strain states for different 

crystallographic orientations relative to the loading direction or other boundary conditions.  The 

plastic component of the total strain output is determined according to the slip activity expected 

for each grain orientation which is in turn based on the hardening parameters included for the 

material being modeled [4].  The EPSC code represents yield and hardening by Voce-type 



 

9 

 

hardening equations [3].  The parameters of the Voce equations define the slip activity which is 

taken as the main deformation mode utilized for an FCC material under tension or compression 

along one direction.  The EPSC code also allows for parameters to represent twinning however 

this feature is not used for FCC Ni alloys.  The slip system behaviour (or output result) is 

modified in increments as the hardening of each grain changes with increasing strain.  The 

hardening parameters listed below in Table 3 are necessary inputs to dictate the behaviour of each 

slip system within the material since the magnitudes of the strains developed within the grains are 

directly related to these coefficients.  The conditions of the Voce hardening law must be met so 

that the bulk response of the medium can be accurately represented by an experimentally obtained 

stress-strain curve.   

Table 3: Voce-Type Hardening Parameters and their definitions [3, 8, 9]. 

Variable Definition 

τ
S
 Critical Resolved Shear Stress of the system S; 

flow stress of the system 

τ0 

Initial Critical Resolved Shear Stress; Voce 

stress where the hardening curve extrapolates 

to a zero value of accumulated shear; necessary 

shear stress to initiate slip in a given grain 

θ0 Athermal Initial Hardening Rate; control of the 

linear hardening rate 

τ1 Voce Stress 

θ1 Final Hardening Rate 

Γ Accumulated shear strain in a grain 

 

Of note from Table 3: τ1 and θ1 are needed to express any curvature that may be observed in the 

stress-strain curve, thus they may sometimes be equal to zero depending on the behaviour of the 

material.  The parameters that are input into the EPSC code (as opposed to derived by the 
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program) are τ0, θ0, τ1 and θ1 and their relationships with each other can be seen below on the Shear 

Stress vs. Shear Strain curve in Figure 3: 

 

Figure 3: Shear Stress vs. Shear Strain curve of a material, indicated variables represent 

the Voce hardening parameters for a slip system. 

 

The variables defined in Figure 3 can perhaps be better understood when seen in relation to one 

another in the Extended Voce Law Equation (Equation 1): 

                      
   

  
    Equation 1[3] 

With: 

            

      

This “Extended Hardening Law” allows for a high hardening rate at the onset of plasticity and 

then a leveling off towards a constant hardening rate at larger strains.  In addition, “coupling 

coefficients” can be defined to account for new dislocations created and propagated on different 

Shear strain





Shear strain
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slip systems [3,4].  These coefficients allow there to be an increase in system threshold stress and 

thus „self‟ and „latent‟ hardening mechanisms can be incorporated into the code.  Slip along one 

system in the material being deformed has an effect on the behaviour of other systems and 

inputting multiple latent hardening parameters (hlat values) allows these systems to be accounted 

for.  In this current research only one slip system was considered.   

The Elasto-Plastic Self-Consistent modeling software can be used to generate elastic or plastic 

strain values as well as related residual elastic strains and stresses; the latter can be generated by 

employing a simulated unloading sequence at the end of the loading program.  In any case, the 

data calculated with the help of the EPSC code depends greatly on the input loading conditions 

and all the aforementioned parameters unique to the material being studied. 

1.2.3 Finite Element Modeling 

 The response of a component or a mechanical system undergoing deformation due to a variety of 

influences (loading, temperature changes, etc.) can also be predicted using Finite Element 

Modeling (FEM) or FE Analysis. In general, the component being modeled is treated as a 

“continuum”, that is to say that the whole specimen is comprised of continuous matter; when 

performing Finite Element Analysis that “whole” is broken down into smaller “elements” (or 

pieces) with consistent physical properties and which are themselves treated as individual 

continua and whose connecting points are labeled “nodes”.  The concept behind FEM is that a 

system of simultaneous equations is solved for each element in order to gain an understanding of 

the way a material behaves overall under unique conditions.  For real world applications with 

complex material properties and intricate boundary conditions, it would be nearly impossible to 

use one set of equations to solve for the whole behaviour of the component; thus the utilization of 

discretization is necessary.  The more elements a sample is divided into, the more detailed and 
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accurate a solution can be predicted, up to a certain point beyond which no change in results is 

observed. The increase in element (or “mesh”) density also most often necessitates longer 

computation time.  This primary phase, known as “Pre-Processing”, also includes defining the 

material properties, the boundary conditions and the loading scheme and indicating the desired 

outputs.  The next stage is “Simulation” where the appropriate equations are derived for the 

individual elements before being assembled into a total system for the whole specimen.  This 

“Global System” of equations is next solved to yield values for each node.  If desired, 

displacement, stress and/or strain values can be calculated for each node, element or even the 

overall sample being modeled.     

An output results file is generated and the tertiary stage of “Post-Processing” can be completed 

with the aid of a software program capable of generating contour plots, deformed shape plots or 

animations from a binary file.  For this research, the software program ANSYS was used for the 

complete FEM process.  

1.2.4 Neutron Diffraction  

Several non-destructive techniques exist for investigating internal properties of materials however 

neutron diffraction is a valuable method for performing measurements on the internal stress and 

strain fields of metals.  Quantum particles such as neutrons, behave both like waves and particles 

and it is this duality that allows for the phenomenon of “Neutron Diffraction” to occur and to be 

manipulated as a research tool.  Neutrons, as waves, have different wavelengths, depending on 

their energy, which are on the same order as the range of inter-planar spacings seen in metallic 

solids.  In addition, the neutron as a particle scatters when it encounters the nucleus of a specific 

atom with the appropriate magnetic moment and the diffracted neutron is what is collected by the 

detector banks.  This scattering from the nucleus allows this technique to be used to distinguish 
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between elements with very similar atomic numbers.  In addition, because the neutrons interact 

with the nuclei (instead of with the electron cloud like with X-ray diffraction), the neutron beam 

can penetrate up to several centimeters into a metal thus permitting measurements to be made at 

depth in the sample.  

 Neutrons with particular wavelengths scatter when they encounter the atoms of crystallographic 

planes in a solid thus information can be gathered about these {hkl} planes by collecting the 

diffracted neutrons that satisfy the Bragg Condition.  The Bragg Condition states that for an 

incident beam at a given wavelength (λ), neutrons will scatter from planes with an interplanar 

spacing (dhkl) at a certain angle of diffraction (θ).  This means that a neutron beam of a known 

wavelength will scatter from specific planes at known angles (within a margin of error) and if 

both the λ and θ values are controlled then dhkl can be calculated using Equation 2, below [10, 11].  

                 Equation 2 

Proof that the Bragg condition has been met is seen by the generation of a noticeable “peak” on 

the diffraction pattern collected by a detector bank (an example of such a pattern is discussed later 

on and is shown in Figure 5).  The output data from the detector bank is given in terms of the 

number of neutrons gathered, thus a large “neutron count” for a given wavelength or position 

angle indicates that the incident beam is being scattered by a specific set of {hkl} grains within 

the sample being tested.  The sets of peaks are recorded at either time of flight (which is related to 

neutron wavelength) or position (in terms of angle of diffraction) with the corresponding 

scattering angle or wavelength already known, respectively.  The center of each peak is then used 

appropriately in Equation 2 to calculate the desired dhkl value for the family of planes under 

investigation.  Strain calculations can next be done by determining the post-deformation lattice 

spacing of a given family of crystallographic planes. 
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Once dhkl has been determined for the sample being studied, it can be used in conjunction with 

d
0
hkl, the strain-free lattice spacing of the same material, to calculate the residual strain in the 

sample using Equation 3 below.  The reference lattice spacing, d
0
hkl, is determined by taking the 

diffraction pattern of an un-strained control sample of the material, most often a powder [10, 11]. 

     
          

  

    
      Equation 3 

With this calculation strain is determined as either an expansion or contraction of the lattice 

spacing, depending on whether the sample has undergone tension or compression deformation.  

This measurement technique can be represented also by the schematic in Figure 4, where the 

lattice spacing dhkl is measured for the crystallographic planes in the material that are 

perpendicular to the bisector of the angle between the incident and scattered neutron beams, 

shown here as Q, the scattering vector. 

 

Figure 4: Incident and Scattering Geometry for Neutron Diffraction. 

 

By analyzing Figure 4 and Equation 2 it can be seen that the value of dhkl necessary for the strain 

calculation in Equation 3 can be determined using two different methods.  The first type of 
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neutron diffraction, known as “Fixed Wavelength Diffraction”, involves fixing the wavelength of 

the neutrons (done through the use of a monochromator) and varying the position of the detector 

that is collecting the scattering beam in relation to the sample in order to measure the beam 

intensity at different angles.  The second process, called “Time-of-Flight Neutron Diffraction” 

(TOF) and the one used in this research, involves employing a “white beam” of neutrons which is 

comprised of a spectrum of wavelengths and holding the detector-sample relative positions 

constant while the beam intensity is measured as a function of the wavelength. 

Time-of-Flight neutron diffraction is made possible by the use of pulsed spallation neutron 

sources.  These sources create a neutron beam by bombarding a heavy element target (for 

example, tungsten) with high energy protons in pulses.  These protons cause spallation reactions 

with many neutrons being released in corresponding “pulses”.  The “as-generated” neutrons have 

wavelengths that are too small to be employed with the neutron diffraction technique thus the 

neutrons are first moderated to ensure they are within a useful spectrum of wavelengths.  These 

wavelengths are related to the energy of the neutrons and their speeds of travel, therefore 

allowing neutrons of different wavelengths to arrive at the sample being studied at different 

times.  The neutrons liberated travel in all directions and can be aimed towards specific 

instruments with the help of neutron guides and a series of slits and collimators.  The particle 

beam is manipulated to suit the requirements of the instrument it is destined for and once there it 

interacts with an appropriately placed sample.  The diffracted beam is then collected by one or 

more detector banks, situated at a known range of scattering angles.  The neutrons that are 

collected first by the detectors will have the highest energy and will have travelled the fastest 

after the initial “pulse” of neutrons was generated.  These “fast” neutrons will have the smallest 

wavelength and the last neutrons to arrive at the detectors will have the lowest energy and the 
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largest wavelengths.  Since each pulse contains neutrons of a range of wavelengths, multiple 

crystallographic planes can be investigated at the same time.  With a known distance from the 

source to the detector (L) as well as the Plank‟s constant (h), the mass of a neutron (mn) and the 

time required for the neutron to travel the distance L (time of flight, t), the wavelength can be 

determined and thus a modified Bragg‟s Law (as seen below in Equation 4) can be satisfied. 

  
     

   
       

     
     

           
    Equation 4 

The Intensity vs. TOF graph can then be used to determine the wavelengths corresponding to the 

crystallographic planes under investigation.  A sample of such a diffraction pattern can be seen in 

Figure 5, where the Intensity is depicted as the Neutron Counts.  This diffraction pattern was 

generated from a sample of Inconel 690 on the ENGIN-X beamline at the ISIS pulsed neutron 

source at the Rutherford Appleton Labs, United Kingdom where this research was conducted.  

This spectrum is typical for an FCC crystal.  
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Figure 5: A sample TOF Diffraction Peak Pattern for INC690. 

 

 The position, height and shape of these peaks reveal much about the microstructure of the 

material.  The position determined for a given crystallographic plane, {hkl}, relative to the 

position of the corresponding unstrained peak allows for the elastic strain in the sample to be 

calculated, a shift to the left or right of the unstrained position indicating compression or tension, 

respectively.  The height of the peaks depicts the intensity of the diffracted beam and thus can 

show a relation to the texture of the sample: high intensity indicates many grains have 

orientations which belong to that family of crystallographic planes oriented to diffract (however, 

this is not a one-to-one relationship with the texture).  Finally the shape or width of the peaks can 

indicate variations in lattice parameters within one crystal orientation perhaps due to the presence 

of dislocations in the material. The width can also be indicative of the relative grain size.   
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 TOF diffraction has an advantage over the Fixed Wavelength technique because multiple 

crystallographic planes can be investigated rapidly – it is beneficial to study numerous peaks 

since the behaviour of a material is not always consistent on all planes, especially if the specimen 

has high anisotropy. 

1.2.4.1 ISIS pulsed Neutron Source Facility Capabilities 

The ISIS spallation neutron source consists of a 163 m circumference synchrotron which 

accelerates protons to 84% the speed of light and then projects them onto two tungsten targets: 

“Target Station 1” and “Target Station 2”.  The protons are grouped into “bunches” and fired at 

the targets at a rate of 50 Hz [12].  The consequence is the production of neutrons in similarly 

timed pulses.  The freed particles are moderated at various temperatures to slow the neutrons and 

generate beams of different mean energy.  These neutron beams are directed down beam channels 

leading away from the target stations to be used in scientific testing at any number of specialized 

instruments in or around the main ISIS hall.  Target Station 1 has 18 beam channels leading to a 

wide range of instruments designed for different energies and purposes.  Target Station 2 is a 

more recent construction and is optimized for studies involving low energy neutrons [12].  

ENGIN-X is one of the instruments associated with Target Station 1.  It is a “dedicated 

engineering science facility” [13] and is used to investigate lattice strains at depth within 

crystalline materials.  This instrument has a 50 m flight path which requires its position outside of 

the main hall and it terminates with two banks of detectors at ±90º, allowing for Time-of-Flight 

Neutron Diffraction.    



 

19 

 

Chapter 2 

Literature Review 

2.1 Nickel-based Austenitic Alloys - Incoloy 800, Inconel 600 & Inconel 690 

2.1.1 Stress and Strain Behaviour 

Materials that deform plastically, such as Nickel-based austenitic alloys, are susceptible to 

accumulating residual stresses after a load has been applied and removed; some portions of the 

sample are not always able to recover fully elastically.  Two common types of residual stresses 

that such materials experience are “Type I” and “Type II” and both occur due to “misfits” 

between regions in the sample [6, 14].  “Type I” stresses occur on the macroscopic level or at the 

same scale as the sample being tested and these stresses “are the result of non-uniform plastic 

deformation through the cross-section of the material” [8].  In many cases this refers to the 

surface of the material having undergone more plastic deformation than the center of the sample.  

These types of stresses are induced in steam generator tubes during the bending process to form  

U-bends; the extrados of the tube experiences plastic deformation as tension while incurring 

compression on the intrados yet the area close to the neutral axis remains as an area of only 

elastic deformation [8, 15, 16].  This idea is illustrated below in Figure 6.   

 

Figure 6: Non-uniform plastic deformation in a U-bend tube cross-section. 
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Residual stresses are discovered in the material once the load is removed because one area of the 

specimen (often the surface) has undergone a greater amount of plastic deformation initially than 

its neighbouring regions (often the internal area).  In Figure 6, both the extrados and intrados of 

the tube have been permanently deformed and though the central region surrounding the neutral 

axis has only been loaded to the elastic region, after unloading that inner portion cannot 

completely recover elastically; the plastic deformation along the external surfaces prevents the 

overall sample from returning to its original state.  A persistent, residual amount of stress is 

therefore induced in the material around the neutral axis as well as at the surface. This type of 

residual macroscopic stress can be introduced into the material by a number of manufacturing 

processes: quenching or welding can generate thermal gradients in the component and rolling, 

bending or other forming techniques can create a layer of plastic strain right at the surface [8].  

Understanding these stresses and strains which are left as residuals in the material once a part has 

been manufactured and installed is crucial when predicting life-expectancy.  However, 

investigating solely the “Type I” stresses and strains does not give the complete picture of what 

the material is experiencing because “Type II” residuals also contribute significantly to the 

material‟s behaviour.  It can occur that “Type I” stresses might not exist or they may be measured 

as very low and yet there is a decrease in the material‟s predicted resistance to fatigue or an 

increase in the probability of SCC; this unexpected outcome would be due to the total stress 

experienced by the sample being much higher with the addition of the “Type II” component.   

“Type II” stresses are defined as developing “due to the anisotropic elastic and plastic behaviour 

of polycrystalline materials” [8] and are experienced on a microscopic or grain size level.  Due to 

the anisotropy of the elastic moduli of the FCC Nickel alloys, as well as the inherent anisotropy 

of plastic deformation, grains aligned along diverse crystallographic orientations deform 
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differently when subjected to the same load.  In addition, some grains deform plastically while 

others do so only elastically and within these two categories of deformation individual 

orientations accrue varying amounts of strain [15].  In the elastic region grains with consistent 

orientation have the same value of Young‟s Modulus while other orientations may present with 

very different modulus values
1
.  These variations in moduli help to determine if grains are 

elastically “stiff” or “compliant” with regards to their neighbours, resulting in varying amounts of 

strain being experienced by different grains during elastic deformation [8].  This anisotropy-

caused discrepancy in strains amongst grains of different orientations also results in different 

families of crystallographic planes being more susceptible to plastic yielding than others.  The 

ease with which slip can occur along an orientation indicates which planes are going to be 

yielding first when the overall sample is loaded.  For FCC crystals, like INC800, INC600 and 

INC690, the dominant slip system is in the direction of [110] and on the {111} family of planes 

[8] thus grains with the appropriate alignment to the load will yield first and will experience 

plastic deformation before the others.  In a paper by Holden et al. where the alloy Incoloy 800 

was studied [15] it was shown via simple “Applied Stress vs Longitudinal Strain” plots that the 

{111} grains yielded first at an applied stress of around 200 MPa followed by grains with  {220} 

orientations.  Once these planes had begun to yield the {002} orientations were required to 

compensate and take on a greater strain thus illustrating the relationship between the “stiff” and 

“compliant” grains in terms of the transition to the plastic region [15, 8].  Depending on the 

orientation of the crystal (or grain in a polycrystal) with regards to the applied stress, the shear 

stress on the slip plane in the slip direction will be different.  In order for slip to occur along the 

slip plane in a given slip direction, a critical value of Resolved Shear Stress (RSS) must be 

                                                      

1
 The Young‟s Modulus for FCC Nickel alloys can be seen to vary by up to a factor of three depending on 

the specific crystallographic orientation. 
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reached.  The amount of applied stress required to reach the critical RSS (CRSS) is different for 

different slip systems because of their orientation relative to the loading axis.  Equation 5 

represents the relationship between the Resolved Shear Stress (τR) and the stress in the grain (σ).   

                     Equation 5 [8] 

The two angles that impact this relationship are Φ, the angle between the slip plane normal and 

the axis of the stress and λ, the angle between the slip direction and the axis of the stress.  

Differently oriented grains with regards to the axis of the applied stress will have different values 

of Φ and λ and thus will require different amounts of stress (σ) to reach the CRSS.   The 

combined effect of these two angles is referred to as the Schmid factor, which dictates “the 

relative occurrence of plastic deformation via slip in each of the grains evaluated” [8].  The 

Schmid factor can be represented by Equation 6. 

  
  

 
                   Equation 6 [8] 

In an isotropically elastic polycrystal with a given applied stress, the grain orientation with the 

highest Schmid factor will have the greatest shear stress along the slip plane and thus will reach 

yield and undergo plastic deformation before the others with lower Schmid factors.  It should be 

noted that the stress may be different for different grain orientations due to elastic anisotropy. 

This relationship between the Schmid factors results in different crystallographic orientations 

behaving differently in the plastic region.  Though while the Schmid Factor allows for the 

prediction of the relative behaviour of grains with different crystallographic orientations in the 

loading direction, the same method cannot be employed for predicting behaviour along the 

constrained and unconstrained directions.  The Schmid Factor evaluates a slip system‟s ease of 
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deformation based on the angles between the axis of applied stress and the slip direction and slip 

plane normal.  However, when the Poisson‟s directions are being investigated it is not as easily 

understood: for a given crystallographic orientation along a Poisson‟s direction the corresponding 

{hkl} in the normal loading direction varies.   It is therefore not possible to classify the grain 

orientations and their plastic behaviour in the directions perpendicular to the load with respect to 

their Schmid Factors or their modulus in the loading direction. 

The usual course of action seen in the papers reviewed on Inconel 600, Inconel 690 and Incoloy 

800 [15, 16, 17, 18, 19] was to predict the behaviour of the material, including lattice strain 

evolution, using Elasto-Plastic Self-Consistent polycrystalline code and then to compare those 

results to experimental Uniaxial loading results measured via neutron diffraction.  This same 

approach will be explored here but with more complex loading conditions than were previously 

investigated.  As the first step of generating an appropriate prediction of a material‟s behaviour, 

several key EPSC input values had to be assigned.   Holden et al. [17] interpolated the EPSC 

inputs required for the Single Crystal Elastic Constants from those previously known for similar 

metals such as NiFe and NiCr alloys.  Additionally, the Critical Resolved Shear Stress (CRSS) 

and other hardening coefficients were determined from the true stress and strain curve.  A similar 

approach was taken by Clausen et al. in their exploration of a polycrystalline deformation 

modeling scheme [4].  With these estimated parameters, EPSC models for Uniaxial loading were 

generated which provided a starting point for what was to be expected from similar experimental 

trials.  Once such experiments had been performed the results were typically used to fit the curves 

and thus to optimize the parameters to provide a model which was as accurate as possible.  

Holden et al. [17] reported results for tension and compression loading carried out along the 

rolling direction of samples cut from an annealed plate of Inconel 600 with a weak rolling texture. 
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These samples were annealed, loaded and unloaded to ensure the “Type I” stresses were zero 

while the “Type II” stresses remained present.  Measurements of sections of the deformed 

samples were performed using the Eulerian Cradle on the E3 Spectrometer at the NRU reactor, at 

Chalk River Labs.  Collimation of 0.5º was used to direct the incident beam used in these 

experiments.  The neutrons had wavelengths of 1.5315 Å while being reflected from the {115} 

planes of a Germanium monochromator.  Measurements for the {111}, {002}, {220}, {113} and 

{222} reflections were made at 15º intervals between the Rolling Direction, the Transverse 

Direction and the Plate Normal Direction.   This study generated quarter strain pole figures from 

both the EPSC predicted results and the measured experimental findings and these were used to 

evaluate the model‟s accuracy.  The pole figures showed that there was good agreement for the 

{111}, {220} and {113} but that the {002} results were not as close.   The {002} reflections 

showed much larger tensile strains parallel and perpendicular to the loading axis than the other 

planes; this observation was supported by duplicated results in other papers by Holden et al. [16, 

18].     The experimental results showed “cylindrical symmetry associated with uniaxial stress” 

[15] mainly with regards to the {002} and {220} planes which displayed equal but opposite strain 

values.  This symmetry was also previously noted with neutron diffraction experiments done by 

Holden et al. on Incoloy 800 bent tubing [19] where it was shown that the {002} planes measured 

along the hoop and radial directions at the apex of the INC800 bent tube showed values that were 

opposite in sign and almost twice as large as their {220} or {111} counterparts. These symmetry 

results were somewhat predicted as well by the EPSC code however the program tended to 

overestimate the maximum and minimum values for the Inconel 600 strains by factors of up to 2 

or 3 (a result seen again as a 30% overestimation in Holden et al. published in 2000 [16]).  This 

study drew the conclusion that the agreement between the EPSC predicted results and the actual 
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experimental values was sufficient to declare the “physical content of the theory [to be] basically 

correct” [17].  The research presented by Holden et al. also highlighted that for future studies 

crystallographic planes such as {111}, {224} or {113}  should be used to study engineering stress 

because those reflections are the least susceptible to “Type II” stresses which can accumulate 

within these metals.  This independence of those particular planes from plastic deformation was 

also observed in the Incoloy 800 material [15].   

A later paper published by Holden et al. [16] aimed to investigate whether or not intergranular 

strains produced by plastic compression were identical to those developed during tensile loading 

but with a reversed sign; it was postulated that the intergranular strains simply changed sign when 

the sign of the plastic deformation in the material was inverted.  This theory was tested by taking 

measurements of samples of Inconel 600 that had endured the appropriate amount of deformation.  

Tensile and compression specimens were cut from a hot-rolled plate of Inconel 600 and loaded 

either in tension to +5.6% deformation or in compression to -6.0%.  Using the same set up as 

before at the Chalk River Labs, quarter strain pole figures were created for the {111}, {002}, 

{220}, {113} and {222} planes and the lattice strain values were calculated with regards to an 

unstrained control sample.   With these residual strain results it was possible to confirm the 

hypothesis that “deforming the sample in compression instead of tension reverses the signs of the 

residual strains” [16] which is an important assumption to carry forth onto future research into 

this family of austenitic Nickel-based alloys.   Another crucial conclusion that was drawn by the 

authors of that study which should be carried forth to any additional research that is done in this 

area is the attribution at that time of the overestimation by EPSC of the {002} strain to “an 

excessively rigid inclusion-matrix interaction associated with the elasto-plastic formulation” [16]; 
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steps were taken to account for this.  Being aware of the limitations of the modeling program 

allows the user to more accurately interpret the results predicted.  

With all that can be learned by investigating the intergranular stresses and strains in a material it 

is important to keep in mind that “Type I” stresses can still crucially affect a material‟s behaviour.  

In a paper by Holden et al. [18] several neutron diffraction experiments were carried out on 

different samples of bent Inconel 600 tubing.  The samples employed were sections of severely 

bent tube, slightly bent tube and tensile samples cut from a hot-rolled plate.  The purpose of these 

experiments was “to gain an understanding of the superposition of macroscopic and intergranular 

strain [via] a series of tensile test experiments… to measure the elastic lattice strains as a function 

of applied stress” [18].  These experiments showed that there was a high accumulation of elastic 

tensile strain due to plasticity in the [002] grains and it was theorized thus that this strain was due 

to “accumulated intergranular strains, rather than being a manifestation of a strain field” [18].   

The total strain in a sample is assumed to be the sum of the macrostrain and the intergranular 

strain; with the total (elastic plus plastic) strain measured in this case with an extensometer and 

the intergranular elastic strain found via neutron diffraction, it was then possible to estimate the 

“Type I” contribution in these INC600 tensile samples.  The paper highlights the possibility that 

the intergranular strains can change by up to 10% when the applied load is removed thus the 

value assigned to the plastic macroscopic strain is only an estimate, albeit a good starting point 

[18].  The superposition of the macro- and microscopic strains within a specimen being loaded is 

essential because working on only one length scale does not give an accurate nor complete 

understanding of a material‟s behaviour.  The effects of the combined “Type I – Type II” strains 

are used in an additional paper by Holden et al. to explain the presence of very “anomalous” 

{002} strains in a section of strongly bent INC600 tubing [20].  As was alluded to in the previous 
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paper published in 1997 [18], a thin-walled tube of Inconel 600 was bent to a radius of curvature 

of 65 mm and was studied via neutron diffraction at the Chalk River Laboratory.  The results 

obtained were as expected for the {111} reflections but were “anomalous” for the {002}.  The 

latter‟s strains were twice as large as the former‟s near the neutral axis of the tube yet towards the 

extrados the strains became tensile instead of showing the expected compressive values.  

Additionally, the radial and hoop strain profiles for the {002} crystallographic orientations were 

anticipated to be the inverse of the axial strain since the loading condition in such a tube is almost 

Uniaxial yet this was not the case [18].  Despite accounting for the differences in the diffraction 

elastic constants of the {111} and {002} planes, these results could not readily be completely 

explained.  The severely bent tube of INC600 underwent “inhomogeneous plastic deformation” 

[20] on both length scales – macroscopic and microscopic – and residual strains were induced at 

both levels.  The presence of these residuals “means that the measured strain is always a 

combination of macrostrain and intergranular strain” [20] and thus it is the task of the 

experimenter to determine what portion of the gathered data is due to each type of strain.  As 

reported by Holden et al. in 1998, the {200} orientations have the lowest Taylor factor
2
 of the 

planes investigated and were thus expected to yield first (they require the lowest stress to surpass 

the critical resolved shear stress on a (111) plane in the [110] direction) however when the 

Inconel 600 material was studied via neutron diffraction in-situ, this was not the case and the 

{200} orientations actually yielded plastically last and accumulated elastic residual strain 

continually throughout loading [20].  The authors of that paper explained that the {200} 

orientations should indeed yield at the lowest stress but they cannot achieve that level of stress 

                                                      

2
 The Taylor Factor is the mathematical inverse of the Schmid Factor and as such indicates the ease with 

which each family of orientations undergoes crystallographic slip as compared to the other orientations in 

the polycrystal; this factor is used to predict plastic anisotropy.   
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until the other planes yield plastically due to their low elastic modulus.   “The stiffest orientations 

reduce the load on the (200) grains to keep the strains equivalent” and thus the load is not evenly 

distributed amongst all planes in the elastic regime [20].  This redistribution of load is what 

allows for the {200} reflections to display such “anomalous” results when the overall behaviour 

of the bent tube is investigated.  The paper by Holden et al. [20] presents results for the {111} and 

{200} planes that show the relationships between the “Measured Strain”, the “Macroscopic 

Strain” and the “Intergranular Strain” as measured along all three principal axes.  The data are 

plotted as “Residual Strain vs. Angular Separation from Flank”.  With these graphs it is possible 

to see how the intergranular strains for {111} along the Axial Direction are negligible and thus 

the “Measured Strain” and “Macroscopic Strain” are identical.  Along the Radial and Hoop 

Directions, the {111} intergranular strains are also small thus the “Measured” and “Macroscopic” 

strains are of the same sign and similar magnitudes.  These {111} results are in contrast with the 

{200} where it can been seen that the “Intergranular Strain” component is much larger and of a 

different sign than the “Macroscopic Strain” and thus the “Measured Strain” is altered 

accordingly.  When measuring along the Axial Direction, the {200} “Intergranular Strain” at the 

extrados of the tube is so large that despite the compressive “Macroscopic Strain” which was 

expected, the overall “Measured Strain” is  tensile; these previously deemed “anomalous” {200} 

results were purely the result of Intergranular, microscopic strain behaviour.  The separation of 

the micro- and macrostrains along with the overall “Measured Strain” in such a fashion clearly 

illustrates that both “Type I” and “Type II” stresses influence the overall strain condition of a 

sample and that they cannot be considered one without the other.  To put the results more into 

perspective, Holden et al. show in their study how with the proper intergranular corrections the 
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macrostrain measured for the {111} and {200} orientations can be made to show good agreement 

[20]. 

A third austenitic Nickel-based alloy in this family whose behaviour is of interest to researchers is 

the Inconel 690 alloy.  This alloy is the topic of this current study but it has also previously been 

investigated by Durance [8] who had performed in-situ and residual neutron diffraction testing on 

it as well as generated EPSC model predictions for the evolution of its lattice strains.  This 

previous work involved cutting tension and compression samples from a section of thick-walled 

INC690 tubing and gathering information regarding the material‟s Uniaxial in-situ response, 

accumulated residual strain and texture.  By gathering data at small enough steps during the 

tension and compression in-situ experiments the author was able to gain a very good 

understanding of where the Elastic-Plastic transition occurred (around ±200 MPa) under that type 

of loading [8].  This information is useful to consult when designing subsequent experiments 

under different loads because the Elastic-Plastic transition point is particularly of interest in cases 

such as this where plastic deformation is a key component of the study.   In terms of the strain 

states induced as residuals in the INC690 samples, the largest values were seen both parallel and 

perpendicular to the loading direction for the {200} crystallographic planes, as was seen with the 

INC600 and INC800 experiments.  Also in agreement with what was reported by other authors 

studying these metals, the results of the INC690 planes investigated were the same in both tension 

and compression yet with opposite signs [8].  In terms of relationships between the planes where 

residual strains were a factor, the {220} and {111} orientations summed to equal the same 

absolute value as the {200} but with opposite signs.  Residual stresses and strains were a major 

component in the research performed by Durance and that work discovered that the “largest 

residual stresses were found to be perpendicular to the load with the [110] normals parallel to the 
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loading direction” [8] thus the {200} normals oriented perpendicular to the [110] loading 

direction (which corresponds to the direction of the dominant slip system for FCC materials) 

showed the “maximum stress magnitudes” of all the reflections measured [8].  More work has 

been done using INC800 or INC600 than INC690 but these first results from the INC690 testing 

show that information known about INC800 or INC600 can be applied to situations involving 

INC690 as well, albeit with caution.   Durance‟s work on the Inconel 690 alloy under the 

Uniaxial loading condition provides a good base from which to build with further studies – in 

addition to the experimental work noted, an Elasto-Plastic Self-Consistent model was developed 

with optimized hardening parameters and Single Crystal Elastic Constants to fit the in-situ data.  

Those parameters, presented in a later section of this study, were used as the initial inputs when 

creating an EPSC model to represent the experimental data gathered under Constrained loading. 

It is worth noting that research has also been carried out on polycrystalline FCC Nickel-based 

superalloys (for example Alloy 720Li, Waspaloy and CM 247 LC) which are mainly used in 

aerospace applications, such as turbine engines, where they are subjected to environments of high 

temperature corrosion and high stress [21, 22, 23, 24].  These materials have two-phase 

compositions while INC600, INC690 and INC800 are single phase alloys.  Experiments were 

carried out on these superalloys using neutron diffraction [21, 22, 23, 24] and, like with the 

previously discussed single-phase alloys, models were created to predict the material behaviour 

during in-situ loading [21, 23].  

2.1.2 Texture 

It is evident that the orientation distribution of the grains in a polycrystalline material such as 

these Nickel-based alloys is an important factor to consider when investigating the behaviour of 

this type of material on a lattice level.    An effective method for representing texture data in a 
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way that is both simple to understand and allows for quick comparisons to be made between 

several orientations taken along the same axis is to generate pole figures.  Pole figures are two 

dimensional stereographic projections of a three-dimensional distribution of a particular lattice 

plane with respect to a macroscopic coordinate system.  When usually creating pole figures the 

first step is to envision a given crystal within a set of axes: most often these are assigned as the 

axes generated by the mechanical treatments applied to the material (for example, Axial, 

Transverse and Radial directions of a tube).  With the axes defined, the crystal is imagined to be 

placed inside a sphere and the normals of all planes seen within that crystal are projected as 

points on the sphere.  An equatorial plane is next drawn through the middle of the sphere in order 

to reduce it to an easier to interpret, two-dimensional circle.  This transformation from sphere to 

circle is seen in Figure 7.  In this Figure, a hypothetical line is drawn from the projected normal 

point (P) to the South Pole of the sphere.  The point where this line intersects the equatorial plane 

(p) is known as the “stereographic projection of the pole (P)” [8, 25].   

 

Figure 7: Stereographic representation of texture on a 2D pole figure [25]. 
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A different pole figure is generated for each family of crystallographic planes thus the density of 

the points which appear is representative of the frequency with which the orientations are present 

in the sample being tested.  Contour lines of varying intensities are employed to better represent 

this frequency on the pole figure; texture data measured for a given sample under investigation 

are scaled with regards to a material whose texture is completely random.  When an orientation 

appears more often along one axis than would be seen with a random sample it is represented by a 

line and is an indication of the predominant texture of that sample.  Preference of planes for one 

pole or another can help explain why a material behaves (or fails) in the manner that it does and 

can illustrate how the fabrication process undergone by the component has affected its 

composition on a crystallographic level.   

The necessary texture measurements to generate pole figures can be performed with either 

method of neutron diffraction however the texture data employed during this research was done 

using the Fixed Wavelength technique. The set-up used to gather the measurements on the E3 

Neutron Spectrometer at the NRU, Chalk River Labs can be seen below in Figure 8.   

 

Figure 8: E3 Neutron Spectrometer set-up with Eulerian Cradle, Chalk River Labs [26]. 

ηχ ηχ ηχ
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In order to collect enough data to accurately represent the complete texture of the material, the 

sample is measured at all possible angles for each diffraction peak of interest – that is to say, for 

example, that the {111} family of planes is investigated at all combinations of χ (zenith angle, 0-

90°) and η (azimuth angle, 0-360°), as shown in Figure 8.  A smaller sample than is used for the 

lattice strain measurements is placed in an Eulerian cradle thus allowing it to rotate through all 

the necessary angles while remaining completely submerged in the neutron beam.  The 

measurements begin with the sample at given χ and η angles.  The cradle then rotates through the 

values of η, covering from 0° to 360°, usually in steps of 5 degrees.  Diffraction intensity data is 

collected for each increment.  Once all the measurements have been gathered for the starting χ 

angle, the cradle rotates along that axis, again typically in an increment of 5 degrees, to a second 

χ value.  The process of taking intensity measurements for all the steps in the azimuth angle is 

repeated at each zenith angle increment until the sample has been scanned through the range of  χ 

= 0°-90°.  This technique ensures that, through diffraction, all directions are measured for each 

{hkl} of interest and the gathered data at each step can be represented as a point on a single pole 

figure.  In order to control what family of planes or which diffraction peak is being represented by 

the pole figure, the Eulerian cradle can be rotated at the base to position the sample as a whole 

appropriately in the incident beam as would be done for lattice strain measurements to satisfy the 

Bragg Condition. 

Texture measurements for the Inconel 690 alloy were made by Durance and Gharghouri [8] and 

were performed for both a thick-walled sample of the material as well as an actual steam 

generator tube.  These measurements are represented below in Figures 9, 10 and 11 as pole 

figures for the {111}, {200} and {220} planes.   
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Figure 9: INC690 pole figures for {111} – Thick-walled (left) & SG (right) [8]. 

 

Figure 10: INC690 pole figures for {200} – Thick-walled (left) & SG (right) [8]. 



 

35 

 

 

Figure 11: INC690 pole figures for {220} – Thick-walled (left) & SG (right) [8]. 

For all three sets of pole figures the thick-walled tube and the steam generator results are very 

similar, with the SG tubing having a stronger texture in all three cases.  In Figure 9, the {111} 

poles have a tendency to align along the Axial Direction for both the thick-walled tube and the 

SG.  The {111} poles also show high density around ±30º from the Radial Direction which can be 

seen on both plots as the bands which curve towards the axial pole.  The poles captured for the 

{200} orientations, shown in Figure 10, are very close to random for the thick-walled tube and 

only slightly more texture for the SG measurements.  Finally, in Figure 11, the texture for the 

{220} planes resembles slightly the {111} pole figures for both the thick-walled tubing and the 

SG tube.  For the {220} plot, there is minimal alignment along the Axial Direction but it is still 

visible as are the “bands” at ±30º (perhaps even more so in the case of the SG tube) which angle 

away from the Radial Direction and towards the AD. 
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These three pole figures for the thick-walled tube ({111}, {200} and {220}) were used for this 

research, along with {311} texture data, to create the Orientation Distribution Function which 

was employed by the EPSC program to predict the stresses and strains this material would 

undergo during loading.  Due to the similarity of the textures of the thick-walled tube and steam 

generator tubes, it is assumed that the results in Figures 9, 10 and 11 would be applicable to the 

latter condition.   For consistency, the texture data for the thick-walled tube was used in the 

generation of the ODF because it was from a thick-walled INC690 tube that the experimental 

samples were cut. 

Previous work has been done in determining the texture of other Nickel-based alloys such as 

Incoloy 800 and Inconel 600 and pole figures or quarter pole figures representing the textures of 

those materials either as undeformed samples or after having been subjected to tensile or 

compressive loads were generated.  Such figures for undeformed INC800 can be found in a 

previously cited paper by Holden et al. [15] while texture data for the INC800 steam generator 

tubing can be seen in another paper by Holden et al. [19].  Quarter pole-figures for deformed (in 

both tension and compression) INC600 as well as predicted strain data generated via the EPSC 

code are include in two papers by T.M. Holden, R.A. Holt and C.N. Tomé written in 1998 and 

2000 [16, 17].  Texture measurements for other FCC materials that show similar deformation 

behaviour and characteristics as INC690, INC600 and INC800 have been given in papers 

concerning Monel 400 and the aluminum alloy A17050.  Monel 400 has previously been used as 

steam generator tubing material and a study of its strain response to applied Uniaxial tension 

including full pole figures was done by T.M. Holden, A.P. Clarke and R.A. Holt in 1997 [27].  

Similarly work was done by J.W.L. Pang, T.M Holden and T.E. Mason regarding the 

development of intergranular strains within the FCC alloy Al7050 and their paper published in 
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1998 includes texture measurements presented as full pole figures [28].  Investigating the texture 

of a material pre- and post-deformation as well as materials within the same family aids in the 

understanding of such a sample‟s response to conditions it is subjected to either as part of a 

targeted experiment or throughout the course of its operational life. 

2.2 Current Research 

With the relevant background information provided by other researchers and discussed in this 

chapter, a substantial foundation has been laid out to allow for further investigation of the 

response of Inconel 690 under more complex loading conditions.  As previously mentioned, the 

evolution of intergranular strains in this alloy has been studied under Uniaxial tension and 

compression and this behaviour has been reproduced using a Elasto-Plastic Self-Consistent model 

[8].   It was seen that the intergranular stresses generated within the lattice alone can be up to 30% 

of INC690‟s yield strength – a value comparable to the operational stresses in the circumferential 

direction of a steam generator tube [8].  This value represents solely the “Type II” microstress in 

the material, any additional “Type I” macrostress induced during fabrication, bending, installation 

or operation could cause the stresses experienced by the alloy to closely approach the yield 

strength.  This would be detrimental to the integrity of a tube made from INC690. While previous 

papers have investigated this issue by performing experiments under Uniaxial loading conditions 

and subsequently modeling the observed behaviour, this current research will examine the 

response of the Inconel 690 alloy under a more complex, Constrained loading condition – both in 

compression and tension.  A preliminary EPSC model exists based on inputs optimized for 

Uniaxial loading of INC690 [8] and the data gathered here will aid in the development of more 

accurate predictions.  The ultimate goal of investigating an alloy like INC690 which is currently 

in use in such a sophisticated piece of equipment as a nuclear reactor is to be able to predict, and 
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ideally prevent failure of the individual components and therefore safely extend the life of the 

system as a whole.  By investigating, measuring, modeling and predicting the intergranular strains 

in Inconel 690, this work aims to contribute to that fundamental purpose.     
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Chapter 3 

Modeling 

3.1 Elasto-Plastic Self-Consistent Modeling 

An Elasto-Plastic Self-Consistent (EPSC) model was previously employed to predict the 

behaviour of the Nickel alloy Inconel 690 under Uniaxial strain [8].  This model was used to 

calculate the lattice strains both parallel and perpendicular to the loading direction for four sets of 

crystallographic planes: {111}, {311}, {200} and {220}.    The Single Crystal Elastic Constants 

as well as the Voce Hardening Parameters (τ0, τ1, θ0, θ1) for this material were optimized by 

achieving partial convergence with experimental results through iteration (involving a series of 

equations related to Equation 1 [3]).  In-situ experiments were undertaken whereby a tensile or 

compressive load was applied along a single axis of a sample to a maximum of between 4 and 6% 

true strain and models were generated to represent 4 and 6% total strain in both compressive and 

tensile loading, respectively.  The final EPSC model presented in that work [8] was a compromise 

between the “best-fit” model for the tension and compression results because a single set of 

parameters could not be found to exactly match the behaviour of INC690.  The compromise 

parameters are listed below in Tables 4 and 5.   

Table 4: Voce Hardening Parameters optimized using Uniaxial loading experimental data 

[8]. 

Hardening Parameter Preliminary Optimized Value (MPa) 

τ0 82 

τ1 0 

θ0 291 

θ1 290 
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Table 5: Single Crystal Elastic Constants for Inconel 690 [8]. 

Single Crystal Elastic Constant Optimized Value (GPa) 

C11, 22, 33 258 

C12, 13, 21, 23, 31, 32 172 

C44 136 

 

The values for these parameters for INC690 were determined by comparison with single crystal 

data measured for INC800 and an austenitic stainless steel [8].  Through iterations based on data 

from these similar alloys and optimization to macroscopic and lattice stress-strain curves, the 

appropriate values were calculated for this material: the CRSS was assumed from known values 

for INC800 and INC600 [17, 20] and the elastic constants were approximated from measured 

diffraction elastic constants [15].  If those parameters were a true representation of the onset of 

plasticity and the hardening performance of INC690 then rerunning the program with varying 

input strain or stress boundary conditions should yield lattice strain values for those same four 

crystallographic planes which would correspond to experimental results done under the same 

strain or stress conditions.  Therefore, to test the predictions of the material behaviour under ever 

more complicated loading circumstances, the EPSC code was run to model the evolution of the 

lattice strains under Plane Strain loading and to compare the result to experimental measurements.  

The validity of the EPSC model could be assessed and improvements to the fit could be 

undertaken by optimizing the input parameters for the entire (Uniaxial and Plane Strain) data set.  

Using the input parameters from Tables 4 and 5, the Plane Strain boundary conditions of ±7% 

strain along the Axial Direction, no load along the Transverse Direction (thus creating an 

“unconstrained” direction) and a constraint of 0% strain along the Radial Direction were applied 

to EPSC.  The Orientation Distribution Function data gathered from an Incoloy 690 sample cut 

from a thick-walled tube was used as the EPSC input.  This data was collected for prior work on 
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this alloy [8]. The model was run to predict the lattice strains of the {111}, {311}, {200} and 

{220} planes for both tension and compression in the Axial, Transverse and Radial directions – 

referred to as AD, TD and RD, respectively.  The output lattice strain calculated by EPSC is taken 

as the “averaged response of a grain family, i.e. all grains with a particular {hkl} within a few 

degrees relative to a nominal direction in the sample” [29] thus allowing the model to be directly 

compared with the neutron diffraction measurements.    

These strains, plotted against the external applied stress, are shown in Figures 12, 13, 14, 15, 16 

and 17.  Due to the shape and limited supply of the thick-walled INC690 tubing that the 

experimental samples (which will be discussed later on) were cut from, it was not possible to 

make tensile and compressive samples along all three axes of the tube for Plane Strain loading. 

Only loading along the Axial Direction was possible with a constriction along the Radial 

Direction.  The modeled results presented here thus only reflect this one loading scenario, both in 

compression and tension.  Preliminary models were constructed to investigate the differences 

seen by varying the loading axis and due to the weak texture in this INC690 alloy, all differences 

were deemed negligible and the AD loading – RD constrained condition was taken as an 

acceptable representation of the material‟s behaviour on the whole. 
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Figure 12: Plane Strain Axial Loading Compressive Stress versus Lattice Strain modeled 

results measured along the AD (loading), created using parameters from [8]. 

 

Figure 13: Plane Strain Axial Loading Compressive Stress versus Lattice Strain modeled 

results measured along the TD (unconstrained), created using parameters from [8]. 
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Figure 14: Plane Strain Axial Loading Compressive Stress versus Lattice Strain modeled 

results measured along the RD (constrained), created using parameters from [8]. 

 

Figure 15: Plane Strain Axial Loading Tensile Stress versus Lattice Strain modeled results 

measured along the AD (loading), created using parameters from [8]. 
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Figure 16: Plane Strain Axial Loading Tensile Stress versus Lattice Strain modeled results 

measured along the TD (unconstrained), created using parameters from [8]. 

 

Figure 17: Plane Strain Axial Loading Tensile Stress versus Lattice Strain modeled results 

measured along the RD (constrained), created using parameters from [8]. 
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When comparing Figures 12 and 15, Figures 13 and 16 and Figures 14 and 17 – each pair of plots 

representing compression and tension – it can be seen that the only difference in the predicted 

behaviour of this alloy when subjected to the same magnitude of load in either compression or 

tension is the resultant change in sign of the output data. 

 

3.1.1 Comparison with Previous Work 

3.1.1.1 Compression 

The major difference in these predicted results is seen in comparison with the previously 

generated Uniaxial results [8]; especially when investigating the constrained, i.e. Radial 

Direction.  In Figures 18, 19 and 20 below, the Uniaxial and Plane Strain predictions for an 

applied compressive load of 5% are compared.  Each plot depicts the Uniaxial and Plane Strain 

responses to a load applied along the Axial Direction when measuring along one of the three 

principal axes.  For clarity, the Uniaxial model results are labeled “111-U”, “311-U”, etc while 

the Plane Strain model results are labeled “111-PS”, “311-PS”, etc.  Identical colours are used for 

the behaviour of the same planes predicted under the two sets of boundary conditions using points 

for the Uniaxial output and lines for the Plane Strain. 
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Figure 18: Comparison of Axial Loading Uniaxial and Plane Strain Compressive Stress 

versus Lattice Strain modeled results measured along the AD (loading). 

 

Figure 19: Comparison of Axial Loading Uniaxial and Plane Strain Comp. Stress versus 

Lattice Strain modeled results measured along the TD (unconstrained for Plane Strain). 
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Figure 20: Comparison of Axial Loading Uniaxial and Plane Strain Compressive Stress 

versus Lattice Strain modeled results measured along the Radial Direction (constrained for 

Plane Strain). 

The results very clearly indicate that the material behaves markedly different under Plane Strain 

(Constrained) compression than under Uniaxial compression.  In Figure 18, where the 

measurements are predicted along the loading axis, the shape of the lines for the four 

crystallographic planes are very similar in the elastic region however for the same applied stress 

the Plane Strain model has a lower strain magnitude for all four reflections.  Once the transition to 

the plastic region takes place there is an even greater shift to lower lattice strain at a given stress 

for this Plane Strain model.     The opposite is true for Figure 19, where the model is predicted for 
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between approximately -200 to -270 MPa.    The transition from the elastic region to the plastic 

occurs over a range due to the varying moduli (and Schmid Factors along the loading direction) 

of the crystallographic planes.  The elastic region ends and plasticity begins at the point where the 

stress-strain curves first deviate from linearity.  The transition is complete, and the material is 

fully plastic, once all of the curves have reached their final slopes, or once linearity is achieved 

again.  In Figure 18, for both loading cases, the {220} yields first as seen by the shift to lower 

strain at approximately -200 MPa for Uniaxial and -230 MPa for Plane Strain.  This is followed 

soon after by {111} and then {311} which each shift to lower strains at progressively higher 

stresses.  The final family of planes to yield is the {200} under both loading conditions.  As is 

shown in Figure 18, while {220}, {111} and {311} begin to yield and shift towards lower strain, 

the {200} experiences higher strain.  Eventually {200} yields as well and all of the curves 

achieve linearity again: the material is now fully plastic.  These differences in plastic response to 

applied load are especially evident in Figure 19 where for the Uniaxial loading the {200} planes 

display a “kickback” shape once in the plastic region.  Prior to this transition, the {200} planes 

develop the most lattice strain for a comparable applied stress amongst the four families of planes 

studied.  However past the transition point there is reordering and the {200} develops 

significantly less lattice strain than the {111}, {311} or {220} planes.   The {311} planes also 

display a small “kickback”, whereby it nearly switches positions with the {111} planes.  This 

“kickback” is due the fact that as the {111} and {220} begin to yield, the {200} and {311} 

experience varying amounts of strain for the same applied stress.  The “kickback” extends across 

the other planes up until when the {311} and {200} planes yield completely and realign 

themselves linearly.   A slight alternation of relative position is also seen between the {220} and 

{111} planes in Figure 18.  The reordering of lattice strain development among the planes is 
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however not seen with the Plane Strain model measured along the Transverse Direction; in fact, 

past the Elastic-Plastic transition, the {200} planes develops a large increase in strain at the same 

applied stress as compared to the other three planes studied.   

Where the measurements are simulated along the Radial direction, Figure 20, the behaviour of the 

Uniaxial and Plane Strain models become increasingly dissimilar.  This direction is the 

“constrained” direction for the Plane Strain loading condition but is simply another 

unconstrained, Poisson‟s direction when under Uniaxial loading.  The application of this 

constraint from the start of loading is why the Uniaxial and Plane Strain models do not agree in 

the elastic region along the Axial and Transverse Directions.  The predicted outputs for the two 

models measured along the Radial Direction do not occur in the same quadrant.   As expected the 

Uniaxial model when predicted along the Radial Direction was very similar, in both values and 

shape, to the Uniaxial model predicted along the Transverse direction.  A slight shift to the right 

was seen for the Radial results on all four planes, indicating that for that model with the same 

application of stress, a higher strain was recorded – except for the {200} planes where the 

opposite was observed.  The similarities between the Radial and Transverse Uniaxial plots were 

expected since both axes are perpendicular to the direction of loading.   In the Plane Strain case 

the Radial Direction has the added characteristic of being the constrained direction: the modeled 

sample undergoes zero macroscopic deformation along that axis.   This condition contributed to 

the generation of a unique evolution of lattice strains.  Initially, in the elastic region, the 

crystallographic planes were distributed between tensile and compressive values corresponding to 

zero bulk elastic strain.  The {311} and {200} displayed positive strain values and {111} and 

{220} displayed negative values, all for the same compressive stress.  Once a stress level 

approaching -230MPa was reached, as was seen also in Figures 18 and 19, the modeled sample 
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began an Elastic-Plastic transition and all the planes shifted to negative strains.  Full plasticity 

was achieved at a stress of approximately -300 MPa.  There was a “kickback” effect observed 

here as well for the {200} and {311} planes crossing over the {111} and {220}.  The reordering 

of the lattice strain development here resulted in the {220} displaying the least amount of strain 

for an equitable level of stress which was not the case in the other two measurement scenarios. 

The lattice strain evolution predicted by the EPSC code for an Inconel 690 sample subjected to a 

Plane Strain loading condition revealed unique behaviour in comparison to the sample material 

under an Uniaxial load.   The predicted results supported further investigation via experimental 

work with the intent to verify the alloy‟s behaviour when under external stresses and to test the 

accuracy of the model itself. 

3.1.1.2 Tension 

The EPSC models were also compared for Uniaxial and Plane Strain tension.  This comparison is 

included in Figures 21, 22 and 23, where a tensile load of 5% was applied along the Axial 

Direction of the modeled sample. As was expected, the same conclusions and comparison points 

can be drawn for these three plots as were drawn for the compressive loading results included in 

Figures 18, 19 and 20. 
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Figure 21: Comparison of Axial Loading Uniaxial and Plane Strain Tensile Stress versus 

Lattice Strain modeled results measured along the Axial Direction (loading). 

 

Figure 22: Comparison of Axial Loading Uniaxial and Plane Strain Tensile Stress versus 

Lattice Strain modeled results measured along the TD (unconstrained for Plane Strain). 
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Figure 23: Comparison of Axial Loading Uniaxial and Plane Strain Tensile Stress versus 

Lattice Strain modeled results measured along the RD (constrained for Plane Strain). 

 

 

 

 

 

 

 

 

 

 

 

0

50

100

150

200

250

300

350

400

450

-500 -400 -300 -200 -100 0 100 200 300 400

Strain (Microstrain)

S
tr

e
s

s
 (

M
P

a
)

111-U

311-U

200-U

220-U

111-PS

311-PS

200-PS

220-PS



 

53 

 

Chapter 4 

Experimental Design 

4.1 Preliminary Mechanical Design 

As discussed in the previous chapter, Elasto-Plastic Self-Consistent models were created to 

predict the behaviour of the alloy Inconel 690 under various loading conditions.  In order to 

support the assertion that these results are realistic and that the model is in fact accurate and 

reliable, physical experiments had to be carried out.  In order for such experiments to be valid, 

they had to mimic as closely as possible the input conditions for the model; in previous work [8] 

compression was carried out on cylinder-shaped samples of INC690 and tension was applied to 

dog-bone shaped specimens with threaded ends.  The shapes of these samples allowed for a 

Uniaxial load to be experienced by the material when stress was applied along one axis.  

Coupling the loading condition with the input of known material properties to the model, the 

experiment was easily considered to be an accurate representation of the conditions that the ESPC 

code iteratively solves for.  Replicating Plane Strain conditions in an experimental setting was 

decidedly more difficult.  The mechanical designs for the necessary compression and tension 

experiments are described in this chapter.     

4.1.1 Compression 

By definition, having a sample under Plane Strain requires load to be applied along one direction, 

while a second is held constrained prohibiting (or minimizing) deformation and the third is 

allowed to deform freely.  A Plane Strain compression rig had previously been designed by 

Michael Gharghouri at the NRC – Chalk River Laboratory [30].  This apparatus was employed to 

test ferrous alloys under Plane Strain at temperatures up to 600ºC and thus was fitted with heating 

elements, heat shields, cooling loops and space and ports for electrical inputs.  The experiments 
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on the INC690 alloy were to be performed at room temperature thus the extra components for 

heating and cooling were unnecessary.  The original design concept was thus drawn on and 

modified to suit the needs of the current experiment.  The structure was such that a rectangular 

prism shaped sample of INC690 would be constrained in one direction by two large square plates 

held together by a high strength bolt at each of the four corners.  A base piece would be fit to 

center the sample and to allow for the rig to be secured to one ram of an Instron hydraulic loading 

frame.  To compress the sample a plunger was designed to enter the rig from the other end 

(opposite the base plate).    The plunger was designed to attach to the other ram of the loading 

frame.  A CAD drawing of this design is shown in Figure 24. 

 

Figure 24: Overall Compression Rig Design (sample not included). 

In Figure 24 there are four small cylinders at the four bolt holes.  These serve as spacers to allow 

for the side plates to be tightened together uniformly at all four corners without compressing the 

sample.    For further clarification, the pedestal that the sample was to rest on is attached to one of 

the inner, side plates.  The pedestal and side plate were machined from the same piece of material 

therefore providing a solid base.  The base plate supporting the whole rig was designed to 
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accommodate this pedestal as well as the bolt sleeves.  In terms of material used to manufacture 

this rig, the plunger, base, inner side plates and spacers (shown all in grey in Figure 24) were 

made of high strength Tool Steel in order to increase hardness and thus resist deformation during 

loading.  The two thicker, outer side plates (shown in green in Figure 24) were made from 

Zirconium-2.5wt% Niobium in order to minimize neutron absorption during testing. 

4.1.2 Tension 

Ensuring the Plane Strain condition in a tensile sample presented a unique challenge.  Unlike with 

the compression sample, an external rig could not be created to constrain one direction while 

another was loaded.  The sample of INC690 was to be loaded in tension along the Axial 

Direction, constrained along the Radial Direction and thus unconstrained along the Transverse 

Direction.  By creating two identical samples and measuring in two orientations, all three axes 

could be studied.  Since an apparatus could not be employed to constrain the sample, its geometry 

had to be such that the sample was self-constrained along the desired axis.  It was expected that if 

grooves were cut along the Radial Direction with a section significantly smaller than that of the 

rest of the specimen, the center would be constrained in the RD by the far-field material.  The 

specimen would need to be thin enough in the notch along TD that it would deform freely.  A 

representation of this relative geometry is shown in Figure 25. 
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Figure 25: Overall Tensile Specimen Design. 

In Figure 25, the edges of the notch are chamfered.  This design feature was important because it 

allowed the incident and diffracted neutron beams, when limited by 2 mm slits, to pass 

unobstructed into the center of the sample at a 45-degree angle.  The four holes allowed grips to 

be attached to the samples thus fitting them into the Instron loading frame.  These grips will be 

discussed further in a later section. 

4.2 Finite Element Modeling 

Finite Element Modeling (FEM) was employed to determine the dimensions of the compression 

rig and the tensile specimen which would each impose Plane Strain loading on the samples while 

still fitting within the external limitations of the neutron diffraction facility where in-situ loading 

was to be applied.  FE Analysis (FEA) was also used to determine the appropriate materials that 
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form the compression rig.    As a first step, the input material properties used to represent INC690 

in all the initial models are given in Table 6.   

Table 6: INC690 material properties used in the creation of FE Models [2, 31, 32]. 

Input Material Property Value 

Density 8.19325x10
-6

 kg/mm
3
 

Young‟s Modulus 199000 MPa 

Poisson‟s Ratio 0.289 

Yield Strength 334 MPa 

Tangent Modulus 1840 MPa 

 

These values are required by the FEA program ANSYS which was used to construct the models – 

these properties are used by the software to predict the material‟s response to the boundary 

conditions imposed, the relationships between different components and the loads that are 

applied.     

4.2.1 Model Construction and Inputs 

4.2.1.1 Compression 

The compression rig design was first constructed in the ANSYS Finite Element Modeling 

package and best-estimation dimensions were employed.  Due to the symmetrical nature of the 

design, only a portion of the rig was modeled initially.  Figure 26 shows the general shape and 

mesh of the rig as created in ANSYS.   
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Figure 26: Initial Meshed Compression Rig modeled in Finite Element Analysis program 

ANSYS. 

The model was constructed using 3D Solid-164 type elements.  Different mesh densities and 

element shapes were used for different components in the rig since certain parts were designed as 

more complex shapes than others.  The sample (the teal rectangle), the side plates (the pink and 

aqua blue rectangles seen in the side profile of the rig) and the pedestal (the purple rectangle) that 

the sample rests on were all meshed with hexahedral elements with a global size unit of 2 mm.  

The pedestal and inner side plate were treated as one component (as they would be when 

machined in reality) whereas the inner and outer side plates were treated as a metal-on-metal 

contact.  The plunger (the red component) was meshed with tetrahedral elements with a global 

element size of 3 mm – the complexity of the part required a more complex element shape.  
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Finally, the design calls for four bolts (one at each corner) to hold the two halves of the rig 

together.  These bolts were not modeled but instead were represented by clusters of nodes within 

the side plates that had different properties.  Each group of nodes was selected to be 5 mm across, 

5 mm high and 8 mm deep (thus across both portions of the side plate) to replicate a 5 mm 

diameter bolt.  The elements encompassed by these nodes were fixed (ie. they were constrained 

along all directions).  This was equivalent to the assumption that the actual bolts used during the 

experiments would be perfectly rigid.   

To load the specimen the plunger was displaced in the negative Y-direction (ie. downwards): the 

load was applied on the top of the plunger, parallel to the top of the sample to uniformly transfer 

the stress to the INC690 being investigated.  Prior to experimentation this displacement was set as 

1.5 mm downwards – for a sample length of 16 mm that deformation would induce 

approximately 9% strain in the specimen.  Additionally, the rig was constrained in the Z-direction 

along the exposed faces of the plunger, the sample and the pedestal (the surfaces that would 

normally be constricted by the other side plate).  One of the main objectives of this model was to 

investigate whether the side plate would indeed provide constraint along the Z-axis for the sample 

being compressed therefore limiting the movement in one direction along the Z-axis would force 

the sample to either be constrained and deform outwards in the X-direction or cause deflection in 

the side plate.    Finally the rig was constrained along all bottom surfaces in the Y-direction.  

Since neutron diffraction was to be used during testing, calculations were conducted to determine 

the height of the sample and the width of the pedestal and plunger required to allow for a 2 mm 

slit neutron beam to enter the sample and to diffract out without encountering the edges of the 

pedestal or the plunger.  Previous experiments [8] had used cylindrical samples with a height of 

18 mm and a diameter of 9mm.  These dimensions were used as a starting point for the 
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rectangular prism samples.  In order to avoid unwanted stress concentrations the pedestal and 

plunger had to be several millimeters wider than the specimen to prevent the sample from 

extending past the edges during deformation.  It was determined that with an incident and 

diffracted beam angle of 45º it was possible to reduce the sample size to 16x8x8 mm and thus 

conserve material yet avoid buckling.  The pedestal and plunger where determined to have widths 

of 12 mm to allow for the compressed sample to expand slightly in the unconstrained direction.  

The thicknesses of the plunger and pedestal were set to 8 mm in order to match the sample and 

allow for constraint.  The length of the plunger and the pedestal were determined once the 

dimensions of the sample were found.  The appropriate lengths were calculated so that the center 

of the sample (the middle of the 16 mm) was in the center of the side plates thus allowing for 

uniform constraint.  Finally, high strength Tool Steel was chosen to be used to construct the side 

plates, the plunger, the pedestal and the base plate.  The material properties chosen for this Tool 

Steel and used as the final inputs for the ANSYS program are listed in Table 7, as follows: 

Table 7: Tool steel material properties used in the creation of the FE Model [33]. 

Input Material Property Value 

Density 7.89x10
-6

 kg/mm
3
 

Young‟s Modulus 200000 MPa 

Poisson‟s Ratio 0.285 

Yield Strength 410 MPa 

Tangent Modulus 20000 MPa 

 

It was a requirement of the experiment to be able to measure the lattice strains developing within 

the material along all three axes.  Since two axes could be measured simultaneously using TOF 

neutron diffraction, it was  necessary to perform the experiment twice with different orientations 

of the rig relative to the incident beam in order to obtain data from all three directions.  The first 
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orientation would require passing the neutron beam through the plates constraining the sample, as 

shown in Figure 27A.   The second orientation would see the beam entering through the “open” 

side of the rig, facing the unconstrained direction, as shown in Figure 27B.  .   

A -  

B -  

Figure 27: Compression Loading Orientations with regards to the incident neutron beam. 

A- Orientation 1; B- Orientation 2. 

This first orientation made necessary the need for careful selection of the construction materials 

and as previously stated two thick plates of Zirconium-2.5wt% Niobium and two thinner plates of 



 

62 

 

Tool Steel were used for the sides for the rig.  The material properties input into the ANSYS 

model for the Zr-2.5wt%Nb plates are shown in Table 8. 

Table 8:  Zr-2.5wt%Nb material properties used in the creation of the FE Model [34, 35]. 

Input Material Property Value 

Density 6.449417x10
-6

 kg/mm
3
 

Young‟s Modulus 95840 MPa 

Poisson‟s Ratio 0.4 

Yield Strength 395.83 MPa 

Tangent Modulus 9584 MPa 

 

Once the dimensions of the inner components (sample, plunger and pedestal) were confirmed, the 

FE Model was adjusted to minimize the dimensions of the other pieces.  The thickness of the side 

plates was of utmost concern since the thicker that material (especially the Tool Steel), the fewer 

the neutrons that could pass through and thus the longer the count times would be when 

conducting the experiments.  The side plate height and width dimensions were set as 60 x 60 mm 

because this was similar to what was previously found acceptable with the high temperature rig in 

use at CRL and these measurements fit within the dimensions of the available Zr-2.5wt%Nb bulk 

material.  Early tests involving modifying the height and width of these plates found that such 

modifications did not have as great an impact as altering the relative thickness of the Tool Steel 

and Zr-2.5wt%Nb plates did.  The FE Model was thus run with changing thickness dimensions 

until a suitable balance was achieved between stress concentrations in the compressed sample and 

overall rig size.  These final dimensions were determined to be 2 mm thickness for the Tool Steel 

plates and 6 mm thickness for the Zr-2.5wt%Nb plates for a total 8 mm of material on either side 

of the sample.  The base plate used to secure the rig to the Instron ram was the final piece to be 

dimensioned and was designed to attach to the bottom of the rig while requiring a minimal 
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amount of material and not interfering with the neutron beam‟s path.  To arrive at the final, 

acceptable dimensions, iterative modifications to the components and their surface contacts were 

made and their effects were studied.  Table 9 shows the results of the optimization process:  the 

changes made to the rig are listed with their corresponding effect on the overall performance of 

the model (note: this is not a complete list of all iterations tested).  When a modification provided 

a positive change in the behaviour of the model it was maintained throughout the subsequent 

iterations. 

Table 9: Modeled effects of change in compression rig dimensions on strain in loaded 

Inconel-690 sample. 

Modifications of Interest 

Final Strain Results in 

Sample (%) Other Observations 

TD (X) AD (Y) RD (Z) 

Large Base, Thin TS plate, 

sample dimensions 7x7x7 mm 
- - - 

Side plates move separately; 

deformation not uniform in 

sample; sample too small 

TS plate = 4 mm, Zr-

2.5wt%Nb plate = 16mm, 

Sample = 16x8x8 mm, width 

of pedestal and plunger = 20 

mm 

5.5 -8.5 3.1 
Large deformation seen in 

pedestal 

Increased hardness for TS 

components (inputs as listed in 

Table 7); previous geometry 

maintained 

4.7 -5.6 1.2 

Deformation concentrated in 

sample; some in plunger, 

pedestal and minimal in TS 

plates, none in Zr-2.5wt%Nb 

Plunger and pedestal modified 

to narrow width from 20 mm 

to 8 mm close to sample  

-  - - 

Width of 8 mm was too close 

to sample width, stress 

concentrations seen at 

interfaces 

Width of pedestal and plunger 

altered to 12 mm overall 
- - - 

Load concentrated in center of 

sample 

Side plate widths decreased to 

TS = 2 mm, Zr-2.5wt%Nb = 6 

mm; Base plate pared down to 

minimum 

6.9 -8.0 1.3 

Deformation concentrated in 

sample; component 

dimensions minimized to fit 

available material and external 

constraints. Results from this 

model included in Fig. 29 – 31 
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The selection of modifications included in Table 9 illustrates the optimization of the final 

dimensions of the compression rig.  The final model was deemed acceptable once it was seen that 

no significant deformation occurred in the plunger, pedestal or side plates and that the load was 

being applied directly to the Inconel 690 sample.  Altering the material parameters did not appear 

to change the size of the uniform zone of deformation seen in the sample, only increased or 

decreased the strain magnitudes. 

Another parameter that was optimized through this iterative process was the friction coefficient 

between the moving components: plunger on side plates, plunger on sample, sample on side 

plates and sample on pedestal.  These parts sliding against one another were all metal on metal 

thus it was predicted that a lubricant would be necessary to aid in movement and to ensure proper 

transfer of load from the Instron ram to the INC690 sample.  A reasonable coefficient of friction 

was chosen from known values associated with industrial lubricants and was input into the 

ANSYS model.  Different coefficients for various lubricants and metal-on-metal combinations 

were tested in order to determine which lubricant would allow the rig to perform optimally.  The 

options that were considered included “clean and dry metal-on-metal”, “Teflon-on-Teflon”, 

“steel-on-Teflon”, “copper-on-steel” or “lubricated metal-on-metal”. A static coefficient of 

friction of μ = 0.15 and a kinetic coefficient of μ = 0.06, the values associated with “lubricated 

metal-on-metal”, were chosen as most appropriate given that the experimental conditions would 

involve lubricated metal-on-metal contact (copper grease was applied as lubricant).  Different 

values of friction coefficients influenced the size and shape of the uniform deformation region in 

the sample however the “lubricated metal-on-metal” input values helped to concentrate the strain 

in a central zone that could be easily accessed and measured by neutron diffraction.   
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The friction coefficient selection was revisited after the experiments were concluded in order to 

evaluate the appropriateness of that choice and the results supported the assumption that the 

coefficient of friction between the real moving parts in the compression rig was reasonably 

similar to what was simulated for “lubricated metal-on-metal”.  

4.2.1.2 Tension 

As with the compression rig, the tensile sample was created in the ANSYS Finite Element 

Modeling package.  Generalized dimensions were first used and then an optimal width : height : 

thickness ratio of dimensions was sought in order to achieve a zone of Plane Strain at the center 

of the INC690 sample which could be investigated via neutron diffraction. Through manipulating 

the FE Model and running simulations with varying dimensions and ratios of dimensions the 

tensile sample was designed to meet the needs of the experiment.  Additionally, while there were 

limitations on the total length of the specimens due to material availability, some models were run 

with varying total lengths to investigate the effect that would have on the final strains.  The 

results associated with a selection of the various ratios modeled are included in Table 10 (note: as 

with the information shown in Table 9, this is not an exhaustive list of all the combinations 

modeled). 
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Table 10: Modeled effects of change in tensile specimen notch dimensions on strain in 

loaded Inconel-690 sample.  

Notch 

Dimension 

Ratio 

Specimen 

Length (mm) 

Final Strain Results in notch 

(%) Other Observations 

TD (X) AD (Y) RD (Z) 

5:5:1 80 - 12.0 - 

PS not achieved, large 

band of plastic 

deformation shown 

across the whole notch 

8:4:1 73 -6.3 11.7 -5.1 

PS not achieved, strain 

not uniform across the 

whole notch nor 

concentrated in the center 

6:1:1 70 -9.5 15.9 -5.7 
Strain concentrated in 

centre of notch. 

8:1:1 58 -5.3 6.4 -0.4 

Very close to PS, uniform 

strain concentrations in 

middle of notch.  Length 

of specimen fits within 

available material. 

 

In Table 10, it can be seen that for width : height : thickness ratios of 5:5:1 and 8:4:1 (as well as a 

ratio of 6:2:1, though not listed) the modeled sample behaved as if under Uniaxial loading and 

little self-constraint was observed.  For those cases the same strain values were observed across 

the entire notch, like a band.  The desired result was to have the highest strain in a small area 

within the center of the notch for the loading and unconstrained directions and then the lowest 

(zero) strain in a similar sized area for the constrained direction (this desired behaviour can be 

seen later in Figures 32 to 34).  The concentration of strains to localized central regions was 

observed for the ratio of 6:1:1 but the best approximation of the Plane Strain condition was 

determined to be with a ratio of 8:1:1.     Once this optimal dimension ratio was found it was 

translated to 24:3:3 mm for the quantity of thick-walled Inconel 690 material available. The width 
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of the sample was somewhat limited by the size of the bulk material however through FEA it was 

determined that the ideal size of that dimension fell well below the maximum allowable width.  

The full length of the tubing, 58 mm, was used in order to insure uniform distribution of the 

applied load and to avoid any stress concentrations caused by the grips from interfering with the 

behaviour observed in the notched area.  With the dimensions as such it would be possible to 

fully submerge the neutron beam in the center of the specimen by using 2 mm slits; having the 

neutron beam centered on the sample is ideal as it limits the background and allows for much 

cleaner data collection.  This design configuration can be seen in Figure 28. 

 

Figure 28: Meshed Tension Sample modeled in the Finite Element Analysis program 

ANSYS. 
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This model was meshed using a mesh of hexahedral elements with a global element unit size of 2 

mm.  This selection allowed for a very fine mesh in the notch area which permitted the behaviour 

in the region of interest to be thoroughly examined.  The bottom was constrained to zero 

deformation in all degrees of freedom and a displacement of 0.35 mm was applied in the positive 

Y-direction (upwards).      

4.2.2 Model Results 

4.2.2.1 Compression 

The various permutations listed in Table 9 in Section 4.2.1.1 lead to the determination of the ideal 

compression rig size which would allow for the Plane Strain condition.  The criterion for the 

model to be deemed optimal was that as close as possible to Plane Strain loading was to be 

achieved within the center of the INC690 modeled sample and that the deformation should occur 

smoothly.  In addition, there had to be minimal deformation in the rig components (plunger, side 

plates or pedestal) thus directing the entire load into the sample.  The results from the chosen 

model can be seen as follows in Figures 29, 30 and 31.  These three figures represent the strain in 

the model along each principal axis.  The main objective was to achieve similar values of strain 

but with opposing signs in the AD (loading direction) and TD (unconstrained) while having close 

to zero strain in the RD (constrained direction).  In the models pictured the X-axis is associated 

with the TD, unconstrained direction; the Y-axis corresponds to the loading direction; and the Z-

axis is aligned with the constrained direction.  For this model created prior to in-situ testing, the 

plunger was displaced by 1.5 mm through an 100 step simulation.   Results at 100 intervals 

throughout the course of this loading scheme can be viewed for this model however the images 

included in Figures 29 to 31 show only the final strain in the rig and sample.   
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Figure 29: Initial FEA compression loading strain results, measured along the AD (loading). 

 

Figure 30: Initial FEA compression loading strain results, measured along the TD 

(unconstrained). 
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Figure 31: Initial FEA compression loading strain results, measured along the RD 

(constrained). 

The results of this model show that the vast majority of deformation takes place in the center of 

the INC690 sample with no significant changes in the rig itself.  An animated view of the 

compression process shows that the loading occurs smoothly with the sample deforming 

predominantly in the X- and Y-directions and much less in the Z-direction.  The final strains 

calculated for the center of the sample where found to be εxx = 6.9 % (TD), εyy = -8.0 % (AD) and 

εzz = 1.3 %(RD).   Similarly, the final stress values found with this model were σxx = -8 MPa 

(TD), σyy = -529 MPa (AD) and σzz = -153 MPa (RD). Based on these results the dimensions used 

for this version of the model of the rig were deemed acceptable and the actual testing apparatus 

was created accordingly.  
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After in-situ compression testing using neutron diffraction was carried out this initial model was 

revisited.  The model shown in Figures 26, 29, 30 and 31 was used for the design and 

manufacturing of the rig however upon analysis of the post-deformation results it was evident that 

what transpired in reality was not in complete agreement with what was predicted.  The 

dimensions optimized via the process shown in Table 9 were deemed acceptable and were 

maintained for all future FEA.  However, other properties of the model were required to be 

altered to better represent what occurred during experimentation and to provide final stress and 

strain values that more closely matched those found during neutron diffraction.   

4.2.2.2 Tension 

The design of the tensile sample had many fewer parts than the compression rig; there was only 

one set of dimensions to be optimized.    The specimen was to be self-constrained with only a 

centralized “spot”-like region of Plane Strain in the notch area and therefore the ratio between the 

dimensions of the notch in RD:AD:TD was the main variable. The thickness of the sample 

outside the notch area was also dictated by a need to ensure proper grip attachment but also a 

desire to minimize the quantity of INC690 used.  As shown previously in Table 10, the ratio of 

the notch dimensions was optimized to 8:1:1 or actual dimensions of 24:3:3 mm.  For this tensile 

loading case, the bottom of the specimen was constrained along all degrees of freedom and the 

top was displaced upwards by 0.35 mm through an 100 step simulation.  As was indicated for the 

previously shown compression rig images, there are strain results for 100 intervals throughout the 

loading process but only the final results predicted for the optimized tensile sample using FE 

Modeling are included in Figures 32, 33 and 34. 
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Figure 32: FEA tension loading strain results, measured along the AD (loading). 

 

 

Figure 33: FEA tension loading strain results, measured along the TD (unconstrained). 
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Figure 34: FEA tension loading strain results, measured along the RD (constrained). 

These results show the central Plane Strain condition as the orange oval in the notched area in 

Figure 32, the teal oval in Figure 33 and the orange zones in Figure 34.   The final step of 

simulation indicates that the average strain values along each of the three axis at the center of the 

notch are εxx = -5.3% (TD), εyy = 6.4% (AD) and εzz = -0.4%(RD) and that the corresponding 

stress values predicted for this tensile specimen are of σxx = 9 MPa (TD), σyy = 491 MPa (AD) 

and σzz = 180 MPa (RD). 

4.2.3 Final Component Dimensions 

Since Finite Element Analysis was used to determine the dimensions of the different components 

in the compression rig and the overall tensile sample, once these dimensions were refined the FE 

Model was converted to blueprints for the manufacture of these pieces.  Figure 35 includes the 

dimensioned parts for the compression experiment.      
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Figure 35:  Dimensioned compression rig design (all dimensions in mm).  

Though not shown above, the compression samples were cut from a thick-walled INC690 tube 

into the form of rectangular prisms with dimensions 16x8x8 mm.  Annealed 4140 Tool Steel 

(with a hardness of 22 HRc) was used for the plunger, the base plate, the two inner side plates 

(one with the attached pedestal) and the four bolt spacers.  These pieces were all machined to fit 

snugly together with the expectation that copper-based grease would be used to lubricate the 

movement of the plunger and the sample.  The bolts purchased were made of high strength steel 

with nominal diameters of 4.87 mm and lengths of 39.88 mm.  The spacers were machined with 

inner diameters of 5.10 mm and lengths of 7.88 mm thus allowing the side plates to be tightened 

uniformly to firmly constrict the samples whose thicknesses ranged from 8.03 mm to 8.06 mm.   

The third material used in the assembly of the compression rig was heat-treated Zirconium-
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2.5wt%Niobium which was used for the outer side plates.  The metal was first heat treated to 

875ºC for one hour in air and then water quenched.  It was subsequently cold rolled to reduce its 

initial thickness by 15% before being held at 500ºC for five hours and finally slow cooled.  After 

the heat treatment process the portion of Zr-2.5wt%Nb was machined into two appropriately 

sized pieces with the required bolt holes. 

Similarly, the dimensioned drawings for the tension specimens are shown in Figure 36.  The two 

5 mm diameter holes that were cut in the both ends of each sample so that the specimens could be 

attached to specially designed grips using hardened steel bolts with diameters of approximately 

4.87 mm and lengths of 39.88 mm. 

 

Figure 36: Dimensioned tensile sample design (all dimensions in mm). 
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Chapter 5 

Neutron Diffraction Experiments 

5.1 In-situ Time of Flight Experiments 

The Time-of-Flight neutron diffraction experiments were carried out in two campaigns at the ISIS 

pulsed neutron source at the Rutherford Appleton Labs, United Kingdom; more specifically on 

the engineering instrument known as ENGIN-X.  The ENGIN-X beamline was chosen for the 

Plane Strain compression and tension testing because it is designed for these types of engineering 

experiments with dedicated hydraulic Instron loading frames.  ENGIN-X operates with a neutron 

wavelength range of between 0.5 – 6 Angstroms and has the capability to accommodate the study 

of components in a wide range of sizes or those that necessitate additional equipment in order to 

create unique testing environments.  Figure 37 shows the general diffraction geometry used with 

the TOF neutron diffraction technique and Figure 38 shows the specific experimental area at 

ENGIN-X complete with the hydraulic load frame in the vertical orientation.  The collimating slit 

for the neutron beam is seen in Figure 38 as the orange structure with the purple supports and the 

two Detector Banks can be seen on either side of the load frame. 



 

77 

 

 

Figure 37: Diffraction Geometry for Time-of-Flight Neutron Diffraction [22]. 

 

Figure 38: ENGIN-X hatch showing neutron channel and detector banks. 
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5.1.1 Experimental Samples 

The compression samples were 16x8x8 mm rectangular prisms machined from a section of thick-

walled Inconel 690 tubing (OD 11.28 cm x ID 5.24 cm).  The tubing was previously subjected to 

similar processes to steam generator tube material ie. mill annealed at 1140ºC and then heat 

treated at 1320ºC for 10.5 hours.  This material is single phase with an estimated grain size of 40 

microns [8].  Four rectangular samples were cut such that the loading (longest) direction would 

correspond with the Axial Direction of the tube.   

For the tensile samples, two identical specimens were cut from the same section of INC690 

tubing as the compression samples.  The tensile samples were cut with the long dimension along 

the Axial Direction of the tube (subsequently corresponding to the loading direction) and the 

short dimension in the Radial Direction (the self-constrained direction).  The two specimens are 

shown in Figure 39. 

 

Figure 39: Inconel 690 tensile testing samples. 

 



 

79 

 

5.2 Compression Experiments 

5.2.1 Experimental Rig 

As described in Chapter 4, the complete compression rig was manufactured and photographs of 

the finished product, both as assembled and disassembled, are shown below in Figure 40.  The 

disassembled images show the plunger already secured in the grip. 

 

 

Figure 40: Assembled and disassembled compression rig.   
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Part of this design includes a cylindrical plug on the bottom of the base plate which matches the 

top of the plunger in diameter and thickness.  These two identical “stems” are sized to fit into 

corresponding cylindrical holes in the ends of a set of specially designed grips.  The grips are 

identical to each other and can be used interchangeably.  Each grip was manufactured by cutting 

the necessary cylindrical hole in one end of a piece of 2” 1045 steel bar stock.  The opposing ends 

then thread into holes in the rams of the Instron machine and flats on either side of the grips allow 

them to be tightened fully into the rams.  One of the grips is shown in Figure 41.  Dimensioned 

technical drawings for this grip can be found in Appendix A. 

 

 

Figure 41: Grip used to secure the compression rig into the Instron loading frame. 

 Once the grips were secured in the loading frame, the rams of the Instron were brought close 

enough together that the compression rig could be installed.  The base plate and plunger were 

inserted into opposing grips and then the rest of the rig was aligned, including the sample, and the 

bolts holding the side plates were tightened uniformly.  The rams of the Instron loading rig were 

advanced sufficiently so that at the start of the experiment the plunger, sample and pedestal each 

sat flush against each other, respectively, and that the copper grease which was used as lubricant 

was not causing any air pockets which might inadvertently affect the displacement measurements.  

In order for the load in compression to be applied directly and to be transferred uniformly it was 

imperative that the end of the grip that screwed into the loading frame was parallel to the portion 
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that the plunger fit into; subsequently the plunger, sample, pedestal and base plate all had to be 

parallel to each other and to the grip on the other end.  To ensure that all the faces were parallel, 

great care was taken in the machining process to create flat surfaces (to a tolerance of ±0.05 mm 

or less for some dimensions) and during installation and set up of the rig, great attention was paid 

to the alignment of all of the components. Once the INC690 sample had been correctly set-up in 

the rig it was possible to proceed with the in-situ neutron diffraction tests. 

5.2.2 Experimental Set-up 

Stress and strain relationships for the four sets of crystallographic planes were studied – {111}, 

{311}, {200} and {220} – and measurements were made along all three principal axes of the 

sample being deformed.  Two directions were investigated at one time thus only two experiments 

were needed.  Both experiments were identical in terms of loading conditions, sample dimensions 

and rig; the only change made was a rotation by 90º of the compression rig and load as a whole 

about the loading axis (Figure 27 in Section 4.2.1.1 shows a diagram of these orientations).  The 

first orientation had the loading axis horizontal while the neutron beam passed through the side 

plates (oriented vertically).  The diffracted neutrons from planes normal to the loading direction 

of the sample were collected by Detector Bank 1 (to the right when facing  the incident neutron 

beam) and those normal to the constrained direction were collected by Detector Bank 2 (on the 

left).  This set-up is shown in Figure 42. 
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Figure 42: In-situ Compression Test - Orientation 1. 

The second orientation was set up to allow the neutron beam to enter the sample via the 

unobstructed side of the compression rig – the specimen was loaded horizontally and the side 

plates were parallel to the floor.  This second orientation is shown in Figure 43.   Strains  for the 

planes normal to the loading direction were collected by Detector Bank 1 and the results for 

planes normal to the unconstrained direction were collected by Detector Bank 2 (Detector Bank 2 

is seen as the large silver rectangle to the left of the rig in Figure 43).   
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Figure 43: In-situ Compression Test – Orientation 2. 

With the two orientations duplicate data was collected along the loading direction.  The same 

loading script (an input file used to dictate how the Instron rams should move through an 

automated process during the experiment) was used for both orientations.  The experiments were 

begun in stress control by increasing the load by roughly -25 MPa increments from a starting 

point of -10 MPa (the initial load applied to maintain the sample and rig positions) up until -245 

MPa - an estimate for the start of the Elastic-Plastic transition.  The remainder of the loading was 

done under position control with final unloading switched back to stress control.  Throughout 

loading under position control, the Instron rams advanced (towards each other) in increments of 

0.005 mm to collect lots of data when the material was near the Elastic-Plastic transition point.  

After each movement there was a slight pause included in the script to allow for relaxation and 

then the position was held to detect a sufficiently intense diffraction pattern.  Once the 

deformation of the sample had progressed sufficiently far into the plastic region to guarantee that 
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the Elastic-Plastic transition had indeed occurred, the increments with which the Instron rams 

were moved were gradually increased to 0.040, 0.160 and finally 0.320 mm.    A final stress of 

approximately -460 MPa was reached in both compression experiments after a total displacement 

of the Instron rams of 0.980 mm.  Once the rig had been completely unloaded, the samples were 

removed and measured along all three axes using digital Vernier calipers and a Ball-Point 

Micrometer (to evaluate the dimensions in a grid pattern in order to gain understanding of the 

deformation of the sample as a whole) to evaluate the amount of deformation induced in the 

sample and the degree to which Plane Strain was achieved.  The different components in the rig 

were also individually measured after each experiment to see if any changes were detectable due 

to plastic deformation.   

5.3 Tensile Experiments 

5.3.1  Experimental Set-up 

 The length of the tensile samples was constrained by material availability therefore intermediary 

grips were designed and machined out of 4140 tool steel to allow access of the neutron beam to 

the specimen.  The grips are shown in Figure 44. 
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Figure 44: Intermediary grips for tensile experimental set-up. 

Fully-dimensioned technical drawings for these grips can be found in Appendix B.    Tensile 

loading was carried out in a set of experiments very similar to those done in compression.  Two 

experiments were performed with the sample at different orientations relative to the incident 

beam.  In the first orientation the loading axis was vertical, as can be seen in Figure 45.  This 

configuration allowed for crystallographic planes {111}, {311}, {200} and {220} to be studied 

along the Transverse and Radial Directions of the sample.  Detector Bank 1 (shown to the left of 

the sample in Figure 45) measured the diffracted beam from planes normal to the unconstrained 

or Transverse Direction (through the thickness of the sample) and Detector Bank 2 (not seen in 

Figure 45 but to the right of the image) collected the scattered neutrons from planes normal to the 

constrained or Radial Direction (through the width of the sample). 
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Figure 45: In-situ tensile test - Orientation 1. 

The second experiment required the re-orientation of the tensile rig to have the load applied 

horizontally.  In the second orientation shown in Figure 46, Detector Bank 1 (on the right of the 

orange beam channel as seen in this image) receives the scattered beam from planes normal to the 

loading or Axial Direction (along the length of the sample) and Detector Bank 2 (on the left) 

receives the scattered beam from the planes normal to the unconstrained or Transverse Direction 

(through the thickness of the sample).   
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Figure 46: In-situ tensile test - Orientation 2. 

With these two orientations the unconstrained axis was investigated twice.  In both cases the 

sample was loaded in stress control by 25 MPa increments up to stress of 200 MPa and then the 

loading script was switched to position control.  The Instron rams were displaced first in 0.005 

mm increments with time for relaxation and neutron collection incorporated into the automated 

instructions.  Past the Elastic-Plastic transition point, the rams were moved by increasingly large 

increments of 0.010, 0.020, 0.040, 0.080 and 0.16 mm.  A final stress of 393 MPa was reached 

for vertical loading and 378 MPa for horizontal loading, corresponding to final Instron ram 

displacements (for deformation in the plastic region) of 1.295 mm and 1.165 mm, respectively.  

As with compression loading stress control was used to unload the samples.  After removal from 

the rig, the tensile samples, bolts and grips were examined for any dimensional changes. The 

dimensions of the sample in the loading and self-constrained directions were measured using 
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digital Vernier calipers, however, in order to accurately determine the thickness of the center of 

the sample in the unconstrained direction, a Ball-Point Micrometer was used.   
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Chapter 6 

Experimental Results 

Based on earlier work [8] it was possible to estimate a value for the macroscopic Elastic-Plastic 

transition point for Inconel 690 as about ±200 MPa and thus the tension experiments (which were 

carried out first) were loaded in stress control up to 200 MPa.  Throughout the Plane Strain 

experiments, the bulk engineering stress vs. strain relationship (as calculated from the load and 

the displacement of the Instron rams and an assumed constant cross-sectional area of the sample) 

was monitored in-situ allowing the user to adjust the loading script as necessary.  Since it was not 

feasible to place strain gauges on the samples, the strain while loading was inferred from the 

position of the Instron rams.  This technique introduced slight ambiguity into the results 

especially with regards to the plot of the elastic region because that portion of the curve is not 

solely representative of the behaviour of the sample but also includes the elastic response of the 

loading rig and the grips in the “strain” response.   The transition between the elastic and plastic 

regions as well as the post-transition plastic behaviour was however captured with acceptable 

accuracy.   The graphs of bulk engineering stress versus ram displacement are plotted in Figure 

47, where Figure 47A shows the graph generated during tensile loading (only the data for the 

second orientation is included here) and Figure 47B displays the one from compression loading 

(here only the data for the first orientation is shown).  In Figure 47A, the data points begin at 0 

mm displacement but with 10 MPa of stress in order to ensure that the sample was held firmly in 

the grips.  Similarly for the compression experiments a small load of -10 MPa was applied before 

the start of testing so that the compression rig and sample would hold their positions and 

alignment relative to each other.  The data at the start of the graph in Figure 47B has been 

truncated prior to -88 MPa because of excessive noise – the version shown here however 
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accurately displays the stress value for the Elastic-Plastic transition as well as the plastic 

deformation experienced by the Inconel 690. 

 

Figure 47: A – Bulk engineering stress vs. ram displacement plotted during tensile loading. 

 

Figure 47: B – Bulk eng. stress vs. ram displacement plotted during compression loading. 

 From Figure 47 it is seen that the macroscopic yield under these loading conditions is closer to 

±250 MPa rather than the ±200 MPa estimated from the Uniaxial experiments.  Because of this, 
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for the compression experiments (which were performed second) the loading script was changed 

to allow for stress controlled loading up to -245 MPa.  Additionally, in Figure 47 the curves 

become “jagged” past the yield point due to the sample undergoing relaxation after each 

incremental increase in the displacement of the Instron rams.  In order to account for load 

changes during the measurement, in both compression and tension, the sample was held at each 

position for a sufficiently long time that relaxation could take place and then collection of the 

diffraction data could commence.  One example on each graph of where on the curves the data 

were collected are highlighted by the circles in Figure 47A and 47B. 

6.1 Compression 

From the diffraction patterns collected during both experiments as well as the load applied by the 

Instron machine, it was possible to calculate the applied engineering stress and lattice strain of the 

INC690 sample where the cross-sectional area of the sample was input as 8x8 mm.  The lattice 

strains associated with the families of crystallographic planes {111}, {311}, {200} and {220} are 

plotted against the applied engineering stress in the system for all three principal axes; these are 

shown in Figures 48, 49, 50 and 51.  Figures 48 and 49 show data corresponding to two 

measurements along the loading direction since this direction was measured during the testing in 

both orientations.  In each figure the macroscopic yield stress of -250 MPa is indicated by the 

orange line to highlight the approximate Elastic-Plastic transition point. 
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Figure 48: Experimental compression results, orientation 1; loaded in AD, constrained 

along RD, and measured along AD. 

 

Figure 49: Experimental compression results, orientation 2; loaded in AD, constrained 

along RD, and measured along AD. 
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Figure 50: Experimental compression results, orientation 2; loaded in AD, constrained 

along RD, and measured along TD. 

 

Figure 51: Experimental compression results, orientation 1; loaded in AD, constrained 

along RD, and measured along RD. 
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After each run the components of the compression rig were measured in all dimensions using 

digital Vernier calipers to verify that the rig had not plastically deformed.  There was no 

appreciable deformation in any of the various compression rig pieces from before loading; even 

the side plates remained flat.  The concentration of the load in the sample was further confirmed 

by the ram displacement in the plastic region shown in Figure 47B.  Based on that figure, plastic 

deformation occurred over a range of approximately -0.44 to -1.24 mm for an absolute 

displacement of 0.80 mm.  The average height of the first compression sample (which was used 

to create Figure 47B) measured after unloading was decreased by 0.80 mm; therefore the entire 

load was absorbed by the Inconel 690 specimen.  The samples did experience significant 

constraint, measured plastic engineering strains for the first and second samples of -5.00%, 3.15% 

and 1.90%, and -5.33%, 4.03% and 1.66% were found for the loaded, unconstrained and 

constrained directions, respectively (the specifics for these calculations can be found in Appendix 

C).   

6.2 Tension 

As a result of testing identical samples in two orientations, data was gathered for the loading, the 

constrained and twice for the unconstrained directions.  The lattice strains for the families of 

crystallographic planes {111}, {311}, {200} and {220} are plotted versus the engineering stress 

in the reduced section of the specimen in Figures 52, 53, 54 and 55 with the sample cross-

sectional area input as 24x3 mm.  Figures 53 and 54 both show the unconstrained, Transverse 

Direction results as measured by both Detector Banks.  The macroscopic yield stress is indicated 

on all graphs as an orange line.   
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Figure 52: Experimental tension results, orientation 2; loaded in AD, constrained along RD, 

and measured along AD. 

 

Figure 53: Experimental tension results, orientation 1; loaded in AD, constrained along RD, 

and measured along TD. 
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Figure 54: Experimental tension results, orientation 2; loaded in AD, constrained along RD, 

and measured along TD. 

 

Figure 55: Experimental tension results, orientation 1; loaded in AD, constrained along RD, 

and measured along RD. 
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After testing the tensile samples and the grips were measured to evaluate the amount of 

deformation occurring in each component.  The grips and bolts did not deform in any direction 

thus indicating that all of the plastic strain was experienced by the sample.  However, not all of 

that deformation occurred in the notch area as intended.  The four holes where the high strength 

steel bolts went through the samples were distorted.  This would not have affected the load 

applied to the sample but would have changed the relationship between the displacement of the 

Instron rams and the actual strain experienced in the notch region.  Based on the data plotted in 

Figure 47A it can be seen that plastic deformation takes place over a range of ram displacement 

from 1.06 to 1.75 mm.  This equates to 0.69 mm of elongation in the sample.  Upon post-

deformation examination, the height in the center of the notch area increased by 0.22 mm 

therefore the deformation of the bolt holes accounted for roughly 0.47 mm of the displacement 

within the plastic region.   Based on the final overall dimensions of  the first and second samples 

tested, the strains in the notch were calculated to be 6.93%, -5.79% and -0.75%, and 5.72%, -

5.80% and -0.54% for the loading, unconstrained and constrained directions in the notch, 

respectively.  The measurements for the unconstrained direction were taken right at the center of 

the notch therefore corresponding with where the neutron diffraction measurements were made.  

These calculations are given in Appendix C.  
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Chapter 7 

Discussion of Results 

 The strain measurements presented in the preceding chapter were gathered by experimental tests 

which had not previously been attempted and therefore a comparable standard was not available.  

As a result, the main aim of this research was to study the lattice strain response of Inconel 690 

under Plane Strain loading as compared to Uniaxial loading and to provide further data to develop 

Elasto-Plastic Self-Consistent polycrystalline models for the deformation behaviour of this 

material.  The expected difference in the behaviour of INC690 was predicted by EPSC modeling 

as discussed in Chapter 3. Evaluating the relationship between the experimental results for 

Uniaxial and Plane Strain loading for the same set of crystallographic orientations, both in 

compression and tension, will serve to further illustrate this point, as is done below. 

7.1 Macroscopic Strains 

 Under pure Plane Strain the values of strain along the loaded and unconstrained directions are 

equal (but with opposing signs) and the value along the constrained direction is zero.  In the 

compression experiments reported here, the plastic strains in the loaded direction are somewhat 

larger than in the unconstrained direction for both samples tested (values of -5.00% and -5.33% 

versus 3.15% and 4.03%, respectively for the loading and unconstrained directions) and the 

constrained direction experienced a plastic strain significantly greater than zero (1.90% and 

1.66% for the two samples).   There was significant constraint, however pure Plane Strain was not 

in fact achieved.  This outcome might be attributed to clearance between the sides of the rig and 

the specimen prior to loading as well as to distortion of the rig and bolts during testing.  The fact 

that there is an apparent volume change in both compression samples is attributed to experimental 

error.    
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For the tensile samples, the strains calculated in the notched areas of both approximate more 

closely the desired Plane Strain loading than the compressive samples do: the magnitudes of the 

plastic strains measured along the loading and unconstrained directions are closer (6.93% and 

5.72% versus -5.79% and -5.80%) and those along the constrained direction are smaller (-0.75% 

and -0.54%).  The apparent volume change in the tensile specimens can also be attributed to 

experimental error, especially since it is not possible to directly measure the strain in the 

constrained direction at the center of the notch. 

7.2 Effect of Constraint on the Evolution of Lattice Strain 

7.2.1  Compression 

The compression lattice strain results previously shown in Figures 48 to 51 are here plotted on the 

same graphs as the Uniaxial compression data reported by Durance [8] in Figures 56 to 59.   

 

Figure 56: Comparison of Uniaxial and Plane Strain Compressive Stress versus Lattice 

Strain experimental results measured along the Axial Direction (orient. 1). 
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Figure 57: Comparison of Uniaxial and Plane Strain Compressive Stress versus Lattice 

Strain experimental results measured along the Axial Direction (orient. 2). 

 

Figure 58: Comparison of Uniaxial and Plane Strain Compressive Stress versus Lattice 

Strain experimental results measured along the Transverse Direction (orient. 2). 
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Figure 59: Comparison of Uniaxial and Plane Strain Compressive Stress versus Lattice 

Strain experimental results measured along the Radial Direction (orient. 1). 

In Chapter 3 it was shown using EPSC that Inconel 690 should show qualitative differences in 

stress and lattice strain evolution between Plane Strain and Uniaxial loading; these predictions 

were shown in Figures 18 to 20.  A comparison of experimental results plotted in Figures 56 to 59 

shows that some of the predicted effects of constraint along the Radial Direction were observed 

experimentally.  This comparison is summarized in Tables 11, 12 and 13 for each measurement 

direction during compression loading. 
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Table 11: Differences in lattice strain evolution in the loading direction (AD) for 

compressive Constrained and Uniaxial loading: comparison between EPSC predictions and 

experimental observations. 

EPSC Predictions Experimental Observations 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200}.  This 

sequence is identical for both the Constrained 

and the Uniaxial cases. 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200} for the 

Constrained case.  This sequence is altered 

slightly for the Uniaxial case where the {111} 

and {220} values are not resolved. 

For a given applied stress, a lower lattice strain 

magnitude is seen for the Constrained case in 

both the elastic and plastic regions. 

For a given applied stress, a lower lattice strain 

magnitude is seen for the Constrained case in 

both the elastic and plastic regions for the 

{200} and {311} orientations.  For the {111} 

and {220} the Uniaxial and Constrained results 

are very nearly superimposed in both regions. 

The Elastic-Plastic transition is predicted 

between -200 MPa to -270 MPa for both cases. 

The Elastic-Plastic transition is difficult to 

distinguish but a best estimate is at -250 MPa 

for both cases. 

The divergence of the lattice strains throughout 

loading is slightly smaller for the Constrained 

case. 

The divergence of the lattice strains throughout 

loading is comparable for both cases. 

Reversal of the position of the {111} and 

{220} curves in the plastic region is seen for 

the Uniaxial case but not the Constrained case. 

The {111} and {220} curves remain 

intertwined throughout loading for both cases. 
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Table 12: Differences in lattice strain evolution in the unconstrained direction (TD) for 

compressive Constrained and Uniaxial loading: comparison between EPSC predictions and 

experimental observations. 

EPSC Predictions Experimental Observations 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200}.  This 

sequence is identical for both the Constrained 

and the Uniaxial cases. 

The sequence of the lattice strain evolution in 

the elastic region for the families of planes 

studied is, sml to lrg: {111}, {220}, {311}, 

{200}.  This order is easily identified for the 

Const. case however the {111}, {220} and 

{311} curves in the Uniaxial are not resolved. 

For a given applied stress, a higher lattice strain 

magnitude is seen for the Constrained case in 

both the elastic and plastic regions. 

For an applied stress, a slightly lower lattice 

strain magnitude is seen for the Constrained 

case in both the elastic and plastic regions 

The Elastic-Plastic transition is predicted 

between -200 MPa to -270 MPa for both cases. 

The best estimate for the Elastic-Plastic 

transition is at -250 MPa for both cases. 

In the plastic region there is a reorder of the 

load sharing amongst the families of planes for 

the Uniaxial case where the sequence of curves 

becomes {200}, {311}, {111}, {220} (smallest 

to largest).  This reorder is not seen with the 

Constrained case.   

In the plastic region the sequence of curves is 

maintained as {111}, {220}, {311}, {200} 

(smallest to largest) for both cases. 

In the plastic region, for the Const. case, the 

{200} grains accept a larger increase in strain 

with a  proportionally much smaller increase in 

stress as compared to the other three studied.  

This is not seen with the Uniaxial case. 

The divergence of the lattice strains is 

comparable for both cases and is maintained 

throughout loading. 
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Table 13: Differences in lattice strain evolution in the constrained direction (RD) for 

compressive Constrained and Uniaxial loading: comparison between EPSC predictions and 

experimental observations. 

EPSC Predictions Experimental Observations 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200}.  This 

sequence is identical for both the Constrained 

and the Uniaxial cases. 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200}.   This 

sequence is in places difficult to distinguish 

however as all of the curves for both cases are 

not completely resolved. 

For a given applied stress, a lower lattice strain 

magnitude is seen for the Constrained case in 

both the elastic and plastic regions. 

In the elastic region, very similar lattice strains 

are seen for a given applied stress for both 

cases.  Above an applied stress of about 200 

MPa, lower lattice strains for the same applied 

stress were found for the Constrained case. 

In the elastic region, the stress vs. lattice strain 

curves for the four crystallographic orientations 

studied appear in the “positive strain – negative 

stress” quadrant of the graph for the Uniaxial 

case.  For the Constrained case the curves are 

centered around the neutral Y-axis in the elastic 

region because the sample undergoes zero 

macroscopic deformation prior to yielding 

along this direction. 

In the elastic region, the stress vs. lattice strain 

curves for the four crystallographic orientations 

studied appear in the “positive strain – negative 

stress” quadrant of the graph for both cases. 

The Elastic-Plastic transition is predicted 

between -230 MPa to -300 MPa for both cases. 

The Elastic-Plastic transition is difficult to 

distinguish for the Uniaxial case but a best 
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estimate is between -250 to -300 MPa. 

In the plastic region there is reordering of the 

load sharing amongst the families of 

crystallographic planes where the sequence of 

curves becomes {200}, {311}, {111}, {220} 

(smallest to largest).  This reorder is identical 

for both the Uniaxial and the Constrained 

cases. 

In the plastic region there is a reordering of the 

load sharing amongst the families of 

crystallographic planes where the sequence of 

curves becomes {200}, {311}, {111}, {220} 

(smallest to largest) for the Constrained case. A 

similar but less clearly defined reorganization 

to a sequence of {200}, {111}, {311}, {220} is 

seen for the Uniaxial case. 

In the plastic region, the stress vs. lattice strain 

curves for the four crystallographic orientations 

studied remain in the “positive strain – negative 

stress” quadrant of the graph for the Uniaxial 

case.  For the Constrained case the curves shift 

to the “negative strain – negative stress” 

quadrant.  

In the plastic region, the stress vs. lattice strain 

curves for the four crystallographic orientations 

studied remain in the “positive strain – negative 

stress” quadrant of the graph for both cases.  

However, the curves for the Constrained case 

do shift dramatically towards the neutral Y-axis 

thus separating from the Uniaxial curves. 

The sets of curves representing both cases 

diverge from each other in the plastic region 

with a spread of approx. 490 με at a stress of -

300 MPa. 

The sets of curves representing both cases 

diverge from each other at yield with a spread 

of approx. 125 με and then further into the 

plastic region the spread widens to approx. 375 

με at -350 MPa.  

 

From the comparisons drawn in Tables 11, 12 and 13 the relationships between the Constrained 

and Uniaxial findings were not as well predicted for the investigation along the Transverse or 

Radial Directions as they were for the Axial Direction.  The greatest discrepancy between what 

was predicted by EPSC modeling and what was determined through in-situ testing was the elastic 
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behaviour of the Constrained sample shown in Figure 59.   From the placement of the two sets of 

curves relative to one another, it appears as though the compression sample that was intended to 

be under Plane Strain loading actually underwent Uniaxial loading for much of the elastic region 

before encountering constraint: once the plastic region was reached constraint was applied by the 

rig.  This constraint later on in the testing process would account for the shift of the curves 

towards lower strains after a stress threshold of -250 MPa was exceeded.  Conditions 

approximating Plane Strain were never reached, even in the plastic region as evidence by the final 

macroscopic plastic strains.    

7.2.2 Tension 

The lattice strain measurements for the Plane Strain tensile tests (initially shown in Figures 52 to 

55) are plotted alongside the Uniaxial data from Durance [8] in Figures 60 to 63.  Once again 

although true Plane Strain was not achieved, the tensile specimens did experienced greater 

constraint along the Radial Direction then the compression samples did. 
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Figure 60: Comparison of Uniaxial and Plane Strain Tensile Stress versus Lattice Strain 

experimental results measured along the Axial Direction (orient 2). 

 

Figure 61: Comparison of Uniaxial and Plane Strain Tensile Stress versus Lattice Strain 

experimental results measured along the Transverse Direction (orient 1). 
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Figure 62: Comparison of Uniaxial and Plane Strain Tensile Stress versus Lattice Strain 

experimental results measured along the Transverse Direction (orient 2). 

 

Figure 63: Comparison of Uniaxial and Plane Strain Tensile Stress versus Lattice Strain 

experimental results measured along the Radial Direction (orient 1). 
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Tables 14, 15 and 16 compare the lattice strain development of the Constrained and Uniaxial 

cases as predicted and shown in Figures 21 to 23 with the observed experimental results under 

tensile loading for each measurement direction. .     

Table 14: Differences in lattice strain evolution in the loading direction (AD) for tensile 

Constrained and Uniaxial loading: comparison between EPSC predictions and 

experimental observations. 

EPSC Predictions Experimental Observations 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200}.  This 

sequence is identical for both the Constrained 

and the Uniaxial cases. 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200}.  This 

sequence is identical for both the Constrained 

and the Uniaxial cases. 

For a given applied stress, a lower lattice strain 

magnitude is seen for the Constrained case in 

both the elastic and plastic regions. 

For a given applied stress, a lower lattice strain 

magnitude is seen for the Constrained case in 

both the elastic and plastic regions. 

The Elastic-Plastic transition is predicted 

between 200 MPa to 270 MPa for both cases. 

The Elastic-Plastic transition is shown to be 

230 MPa to 250 MPa for both cases. 

The divergence of the lattice strains throughout 

loading is slightly smaller for the Constrained 

case. 

The divergence of the lattice strains throughout 

loading is slightly smaller for the Constrained 

case. 

Reversal of the position of the {111} and 

{220} curves in the plastic region is seen for 

the Uniaxial case but not the Constrained case. 

Reversal of the position of the {111} and 

{220} curves in the plastic region is seen for 

the Uniaxial case but not the Constrained case. 
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Table 15: Differences in lattice strain evolution in the unconstrained direction (TD) for 

tensile Constrained and Uniaxial loading: comparison between EPSC predictions and 

experimental observations. 

EPSC Predictions Experimental Observations 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200}.  This 

sequence is identical for both the Constrained 

and the Uniaxial cases. 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, sml. to lrg.: 

{111}, {220}, {311}, {200}.  This sequence is 

easily identified for the Constrained case 

however the {220}, {311} and {200} curves in 

the Uniaxial cases are not completely resolved. 

For a given applied stress, a higher lattice strain 

magnitude is seen for the Constrained case in 

both elastic and plastic regions. 

For a given applied stress, a higher lattice strain 

magnitude is seen for the Constrained case for 

the {200} and {311}; however a lower lattice 

strain is found for the {111} and{220} (as 

compared to the Uniaxial case). 

The Elastic-Plastic transition is predicted 

between 200 MPa to 270 MPa for both cases. 

A best estimate for the Elastic-Plastic transition 

is 230 to 250 MPa for both cases. 

In the plastic region there is a reorder of the 

load sharing amongst the families of 

crystallographic planes for the Uniaxial loading 

case where the sequence of curves becomes 

{200}, {311}, {111}, {220} (smallest to 

largest).  This reorder is not seen with the 

Constrained case. 

In the plastic region the sequence of curves is 

maintained as {111}, {220}, {311}, {200} 

(smallest to largest) for both cases. 

In the plastic region, for the Constrained case, 

the {200} grains exhibit a larger increase in 

strain with an increase in stress than the three 

other orientations studied.  This is not seen 

with the Uniaxial case. 

In the plastic region, for the Constrained case, 

the {200} grains exhibit a small increase in 

strain with an increase in stress as compared to 

the three other orientations studied.  This is not 

seen with the Uniaxial case. 
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Table 16: Differences in lattice strain evolution in the constrained direction (RD) for tensile 

Constrained and Uniaxial loading: comparison between EPSC predictions and 

experimental observations. 

EPSC Predictions Experimental Observations 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200}.  This 

sequence is identical for both the Constrained 

and the Uniaxial cases. 

The sequence of the lattice strain evolution in 

the elastic region for the four families of 

crystallographic planes studied is, smallest to 

largest: {111}, {220}, {311}, {200} for the 

Constrained case, though it is in places difficult 

to distinguish as the {220}, {311} and {200} 

curves are not resolved.  The sequence in the 

elastic region for the Uniaxial case is {220}, 

{111}, {311}, {200} (smallest to largest). 

For a given applied stress, a lower lattice strain 

magnitude is seen for the Constrained case in 

both elastic and plastic regions. 

In the elastic region, similar lattice strains are 

seen for a given applied stress for both cases.  

In the plastic region, lower lattice strain 

magnitudes for the same applied stress were 

found for the Constrained case. 

In the elastic region, the stress vs. lattice strain 

curves for the four crystallographic orientations 

studied appear in the “negative strain – positive 

stress” quadrant of the graph for the Uniaxial 

case.  For the Constrained case the curves are 

centered around the neutral Y-axis. 

In the elastic region, the stress vs. lattice strain 

curves for the four crystallographic orientations 

studied appear in the “negative strain – positive 

stress” quadrant of the graph for the Uniaxial 

case.  For the Constrained case, the curves also 

appear in this quadrant with the exception of 

{111} which plots in-line with the Y-axis. 

The Elastic-Plastic transition point is predicted 

between 230 MPa to 300 MPa for both cases. 

The Elastic-Plastic transition is difficult to 

distinguish for the Uniaxial case but a best 



 

112 

 

estimate for the Constrained is 160 to 200 MPa. 

In the plastic region there is a reorder of the 

load sharing amongst the families of 

crystallographic planes where the sequence of 

curves becomes {200}, {311}, {111}, {220} 

(smallest to largest).  This reorganization is 

identical for both the Uniaxial and the 

Constrained cases. 

In the plastic region there is no clearly defined 

reorder of the load sharing amongst the 

families of crystallographic planes for the 

Constrained case.  For the Uniaxial case, there 

is a slight reorder with the positions of {200} 

and {311} being almost inverted (they are not 

resolved). 

In the plastic region, the stress vs. lattice strain 

curves for the four crystallographic orientations 

studied remain in the “negative strain – positive 

stress” quadrant of the graph for the Uniaxial 

case.  For the Constrained case the curves shift 

to the “positive strain – positive stress” 

quadrant. 

In the plastic region, the stress vs. lattice strain 

curves for the four crystallographic orientations 

studied remain in the “negative strain – positive 

stress” quadrant of the graph for the Uniaxial 

case.  For the Constrained case the curves 

redirect themselves to the “positive strain – 

positive stress” quadrant. 

The sets of curves representing both cases 

diverge from each other in the plastic region 

with a spread of approx. 490 με at a stress of 

300 MPa. 

The sets of curves representing both cases 

diverge from each other in the plastic region 

with a spread of approx. 580 με at 300 MPa. 

 

The greatest agreement with the predicted model in terms of the relationship between the 

Constrained and Uniaxial results is found with Figures 60 and 63 for the Axial and Radial 

Directions; this agreement is supported by the comparisons drawn in Tables 14 and 16.    The 

curves of the four crystallographic orientations studied in the Radial Direction did not average to 

zero around the Y-axis in the elastic region thus indicating that there was some macroscopic 
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deformation, however the strains were low (on average less than -100 με) and substantially 

different from the Uniaxial results prior to the Elastic-Plastic transition.   

7.2.3 Differences between Constrained and Uniaxial results 

The predictions for Uniaxial and Plane Strain (Constrained) loading did not show complete 

agreement with the experimental results, especially for the compression testing where the degree 

of constraint achieved was substantially less than that required for Plane Strain.  However, the 

results from the Uniaxial and Constrained sets of experiments did show significant differences, 

most notably in the Radial, constrained direction.  In both compression and tension the INC690 

underwent deformation and lattice strain development differently when under Uniaxial versus 

Constrained loading.  Along the loading direction (AD), the Constrained data tended to show a 

slightly lower strain than with Uniaxial loading, for the same applied stress.   This discrepancy 

was only seen in the plastic region, under both compression and tension, and the most notable 

divergence was for the {200} family of planes.  The tendency of this family of grains to exhibit a 

larger amount of strain past the Elastic-Plastic transition was discussed in earlier work with this 

material under Uniaxial loading [8] and was previously summarized in Chapter 2 in terms of the 

elastic moduli of the crystallographic planes as well as the Schmid factor.  Plastic anisotropy 

causes differently oriented grains to deform differently and thus to be classified as relatively hard 

or soft. The varied responses to an applied stress were visible in Figures 48 to 51 for compression 

loading and Figures 52 to 55 for tension loading.    

When the families of planes studied other than the {200} are considered, less of a difference is 

seen between the Uniaxial and the Constrained results along the AD.  For {311}, whose 

behaviour is the most predictive of the material as a whole [17], the two sets of data for that 

family of planes are nearly superimposed, particularly in Figures 56 and 57.  Along the loading 
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direction the stress-lattice strain curve for the {311} appears almost linear throughout loading and 

displays values close to the average of the other reflections thus making it a reliable family of 

planes to study when investigating the behaviour of this alloy.    Similarly, in Figures 58, 61 and 

62, which show the response of the material under compression and tension along the Transverse 

Direction (the unconstrained direction for the Constrained loading case), the two sets of data for 

the {311} are very close together, even in the plastic region.  The clarity of the behaviour shown 

in these figures is masked by the noise in the data, however for the TD results in both 

compression and tension, the Uniaxial curves are centered within the Constrained ones, and not, 

as predicted, at lower strain.  Since pure Plane Strain was not achieved in either compression or 

tension for the in-situ testing, there was not as great an increase in strain along TD as was 

predicted in Chapter 3.  The spread between the curves that is seen can be attributed to the 

aforementioned anisotropy that causes grains in certain orientations (such as {200}) to display 

larger strains in order to accommodate the applied stress in the loading direction [8].         

The third direction investigated, the RD, showed greater differences between the lattice strain 

developments for the four families of crystallographic planes investigated under the two loading 

conditions and shown in Figures 59 and 63.  For the compression experiments, both the Uniaxial 

and Constrained specimens deformed as though under Uniaxial loading while in the elastic 

region.  The curves for the four orientations are superimposed (within acceptable error) in Figure 

59 up until the yield point of -250 MPa.  After the Elastic-Plastic transition, it appears that 

significant constraint is imposed on the sample.  Unconstrained, the specimen would expand 

plastically in the Radial Direction but because it is constrained the lattice experiences elastic 

compression.  The effect of the compressive strains manifest themselves in Figure 59 as the four 

curves for the Constrained data veer towards the negative strain quadrant.  Similar behaviour is 
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shown in Figure 63 for tension.  In this case constraint occurs earlier therefore the elastic 

response under Constrained loading is limited.  Ideally, the strains in the four orientations would 

average around the Y-axis thus indicating zero elastic deformation; the slight negative strain that 

is displayed indicates that in the elastic zone a small compression occurred as the sample was 

loaded in tension, similar to, but much less than what was seen with the Uniaxial case.  However, 

unlike the Uniaxial case but comparable to what occurred in Constrained compression, as the 

yield point is approached curves begin to veer towards the positive strain quadrant.  This 

phenomenon is explained as the sample attempting to contract plastically in the Poisson‟s 

direction but being unable to due to the imposed self-constraint resulting in a tensile elastic strain.   

Due to the dependence of the Schmid Factor on known angles between the axis of applied load 

and the slip direction and slip plane normal, as well as the stress state in the grains due to elastic 

constraint being unknown, it is not possible to use that factor to predict the behaviour of a 

polycrystal in the directions perpendicular to loading.  An Elasto-Plastic Self-Consistent code can 

however be used to model the response of a specimen along all principal directions based on the 

input of texture data, Single Crystal Elastic properties, hardening parameters, other material- and 

deformation-specific values and the appropriate macroscopic stress-strain states.  The grains in 

the polycrystal are treated iteratively and individually so that the behaviour of all crystallographic 

orientations of interest, regardless of their relationship with the axis of the applied load, can be 

predicted   This code was used to refine a model to fit the experimental data and help predict both 

the elastic and plastic behaviour of INC690 under a variety of loading conditions and the results 

are discussed in the following chapter. 
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Chapter 8 

Comparison and Fit to Model 

8.1 Experimental results as compared to Initial Modeled results 

In Chapter 7, significant differences were seen between the modeled curves for the Constrained 

and Uniaxial loading cases and the experimentally determined ones.    In Chapter 3 pure Plane 

Strain loading was used as the input however, as shown in Chapters 6 and 7, this condition was 

not in fact achieved.  More complex loading inputs and boundary conditions for the EPSC model 

are required in order to generate predictions that more accurately reflect the true loading 

conditions of the experiments.   

8.1.1  FEM and EPSC Modeling of Compression Experiments 

The lack of complete constraint was especially noticeable with the compression tests where 

constraint was eventually present in the final strains but was not seen with the lattice strain 

development at the start of loading or for the majority of the elastic region.    One way to address 

the discrepancy with the EPSC input boundary conditions was to develop a revised version of the 

FE model that more accurately represented the deformation in the sample and matched the 

measured final plastic strains.  Post-deformation INC690 specimens were measured using digital 

calipers (as was discussed in a previous chapter) and those new dimensions for the first sample 

were used as final parameters for the FE Model.  The goal was to have the FE model start with 

the same initial dimensions as the actual sample and then be deformed to reach the same final 

dimensions.  This was achieved by creating a full model of the compression rig and altering the 

applied load (delivered via the plunger), the deflection properties of the four bolts used to hold 

the rig together, the coefficient of friction between the different moving parts and the material 

properties of the Inconel 690 until the final deformation state of the FE Analysis sample matched 
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that of the experimental specimen.  The model generated is shown below in Figure 64.  Here the 

four bolts were included and were not rigidly affixed to the side plates thus they were allowed to 

deflect over their entire length. 

 

Figure 64: Final, Optimized Meshed Compression Rig modeled in Finite Element Analysis 

program ANSYS. 

The details of the various meshes used on the different parts of the rig are included in Appendix 

D.  A change made between this FE model and the one previously shown in Chapter 4 was to 

alter the input material properties of the INC690 in order to more accurately reflect the material 

tested: the Yield Strength was lowered to 250 MPa as seen during in-situ testing and the Tangent 

Modulus was doubled to 3680 MPa. For the applied load the plunger was displaced in the 

negative Y-direction (ie. downwards) by 0.98mm over 100 equal increments inducing a 
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deformation of 6.13% in the sample with a height of 16 mm.  The rig was constrained along the 

bottom surfaces in the Y-direction but all other components were permitted to deform in all 

directions. 

The predicted results generated with this post-experimentation FE model are shown in Figures 65 

to 67 for each of the directions studied: the loading, Axial Direction (AD), the unconstrained, 

Transverse Direction (TD) and the constrained, Radial Direction (RD). 

 

Figure 65: Final FEA compression loading strain results, measured along AD (loading). 
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Figure 66: Final FEA compression loading strain results, measured along TD (unconst.). 

 

Figure 67: Final FEA compression loading strain results, measured along RD (constrained). 
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These results show that the majority of deformation takes place in the INC690 sample with no 

permanent changes in the rig itself.  An animated view of the compression process shows that the 

loading occurs smoothly with the sample deforming uniformly and that there is an opening that 

develops between the top of the side plates and the plunger (this can be seen as space between 

those components in each of Figures 65, 66 and 67).  Stress and strain values were calculated for 

the FE sample in the loading direction at intervals of 10 steps throughout the deformation process 

and a graph of the Bulk Stress versus Bulk Plastic Strain was plotted in order to verify that the 

modeled sample underwent similar loading and hardening processes as the experimentally tested 

sample (as was previously plotted in Figure 47B).  This comparison graph is shown in Figure 68 

and it can be seen that the FEM compression sample does in fact experience yield and reaches 

approximately the same final stress as the experimental sample. 

       

Figure 68: Bulk Stress along the loading direction versus Bulk Plastic Strain for the 

modeled FEM Inconel 690 sample compared with the compression experimental data. 
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The adapted Finite Element Model predicts that the final average strain values in the center of the 

INC690 sample will be εxx = 3.72% (TD), εyy = -5.62% (AD) and εzz = 1.82%(RD).  Similarly, for 

the final step of loading the model generates average center stress values of σxx = -16.5 MPa 

(TD), σyy = -485.5 MPa (AD) and σzz = -115.5 MPa (RD).    

As inputs for EPSC, the Single Crystal Elastic Constants and some of the plastic deformation 

parameters employed in earlier, Uniaxial tension and compression work by Durance [8] were 

previously listed in Tables 4 and 5; here they are summarized along with the Voce Hardening 

Parameters for Inconel 690 in Table 17.   

Table 17: Primary EPSC inputs optimized previously for Uniaxial loading [8]. 

Primary Input Value 

Load ± 4-6% (along AD) 

hself 1.0 

hlat 1.0 

τ0 0.082 

τ1 0.000 

θ0 0.291 

θ1 0.290 

C11,22,33 258 

C12,13,31,23,31,32 172 

C44 136 

ODF 
Neutron Diffraction measurements from 

Durance [8] 

 

After the load, the first two inputs listed in Table 17 are the Self Hardening parameter (hself) and 

the Latent Hardening parameter (hlat).  The total shear stress of the system is dependent on the 
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hardening parameters and the shear strain induced for each direction; this can be expressed as 

Δτi= Σhijγj.  The effect these parameters have on the output of the EPSC code is taken as 

dependent on the ratio between the two input values; the results generated by using inputs of hself 

= 5.0 and hlat = 1.0 would be the same as those found using hself = 1.0 and hlat = 0.2.  The rest of 

the listed input parameters were previously discussed in Chapters 1, 2 and 3.   

Based on the experimental results for compression in the elastic region, especially compared to 

the Uniaxial results, it appears as though the INC690 specimen underwent Uniaxial compression 

for the duration of the elastic region and that constraint was not encountered until the Elastic-

Plastic transition point.  The EPSC loading boundary conditions were therefore set as a two-part 

loading scheme by employing two consecutive thermomechanical process files.  First the sample 

was deformed under Uniaxial strain up to -0.1256% along the Axial Direction; this induced stress 

in the material up to -250 MPa (the observed yield point).  Next the sample was loaded using a 

stress boundary condition, ie: the final stresses were set to AD = -485.5 MPa, TD = -16.5 MPa 

and RD = -115.5 MPa.  The FE model was generated to replicate the deformation in the first 

compression specimen therefore the stresses and strains calculated can only be compared with the 

experimental results for that specimen in the Axial and Radial Directions.  As an output, the 

EPSC code calculates true stress values however the experimental results are plotted in terms of 

engineering stress.  Using the relationship between the stresses in the middle of the FEM sample 

and those at the top of the sample where the load was applied, a conversion was performed to 

translate the EPSC true stresses to engineering stresses.   The appropriate experimental data sets 

are plotted with the corresponding EPSC model results and are shown in Figures 69 and 70.  As 

was done before, the macroscopic yield stress is indicated as an orange line.   
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Figure 69: Exp. compression results with model predictions using two-part loading with 

final FEM stresses; loaded in AD, constrained along RD, measured along AD (orient 1). 

 

Figure 70: Exp. compression results with model predictions using two-part loading with 

final FEM stresses; loaded in AD, constrained along RD, measured along RD (orient 1). 
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From Figures 69 and 70 it can be seen that the EPSC model generated with the two-part loading 

scheme of Uniaxial followed by the final FEM stress values provides a general qualitative 

agreement with the experimental results.  The modeled Elastic-Plastic transition occurs over a 

range of -230 to -270 MPa as is similar to the experimental data.   Along the AD, the {200} 

experimental data points are very well fit with the model however the {311} strains are 

underpredicted and the {111} and {220} strains are slightly overpredicted.  Along the RD, in 

Figure 70, the shift of the curves after the Elastic-Plastic transition when the material experienced 

the constraint was modeled with the appropriate reordering of the strains for the crystallographic 

orientations in the plastic region although the spread of the modeled curves was much greater.   

The agreement between the experimental and predicted results shown in Figures 69 and 70 is 

qualitatively acceptable however that model does not include data for all three principal 

directions.   Additionally, the FEM software and the EPSC code treat the material differently:  

FEM assumes isotropy while EPSC does not; therefore input of the final FEM stresses into the 

EPSC code is artificial since they were generated under significantly different assumptions.   

Another method of generating an EPSC model that is not biased towards one sample is to use the 

final strains measured from each sample as the input strain boundary conditions.  Post-

deformation strain values were calculated for both samples along all three directions (as can be 

seen in Appendix C).  In order to replicate the appropriate constraint, the negative sum of the 

strain along the constrained and unconstrained directions was input as the loading strain while the 

unconstrained direction was allowed to freely deform and the measured constraint was applied 

along the third direction.  In-situ testing of Sample 1 allowed for the experimental data to be 

gathered along AD and RD;   the input strain values for that sample were AD (loading) = -5.06%, 

RD (constrained) = 1.90%.  Sample 2 provided data for the TD (and a second set for AD); the 
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inputs corresponding to that sample were AD (loading) = -5.70%, RD (constrained) = 1.66%.  

Again the model was run using two input files with the first loading the sample to -0.1256% 

strain under the Uniaxial condition and the second implementing the Constrained loading 

condition.  The models generated with these new inputs (and the values from Table 17) are shown 

with the corresponding experimental data in Figures 71, 72, 73 and 74. The macroscopic yield 

stress is indicated as an orange line.   

 

Figure 71: Exp. compression results with model predictions using two-part loading with 

final measured strains; loaded in AD, constrained along RD, measured along AD (orient 1). 
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Figure 72: Exp. compression results with model predictions using two-part loading with 

final measured strains; loaded in AD, constrained along RD, measured along AD (orient 2). 

 

Figure 73: Exp. compression results with model predictions using two-part loading with 

final measured strains; loaded in AD, constrained along RD, measured along TD (orient 2). 
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Figure 74: Exp. compression results with model predictions using two-part loading with 

final measured strains; loaded in AD, constrained along RD, measured along RD (orient 1). 

With these new plots the overall shape of the experimentally determined curves is again 

qualitatively represented by the model in the elastic region.  Past the Elastic-Plastic transition 

however, even with the same input final bulk strains, the predicted curves do not reach the same 

terminal stresses as the experimental data sets.  Along all three directions the Elastic-Plastic 

transition is predicted to begin at a stress slightly lower than the experimental data.  In Figure 71, 

for AD, there is good agreement between the model and the experiment in the elastic region but 

farther into the plastic region the strains for the {111}, {220} and {200} are increasingly 

overpredicted.  In Figure 72, again for AD, the elastic zone shows good agreement but in the 

plastic zone only the {200} strains are overpredicted while the {311}, {111} and {220} are 

underpredicted.  In Figure 73, along TD, the {111}, {220} and {311} strains are overpredicted 

throughout loading while the {200} strains are under predicted in the plastic region.  In Figure 74, 

along RD, the elastic behaviour is well predicted by the EPSC model.  The expected reordering of 
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the families of planes does take place in the plastic region for the model however the shape of the 

curves does not agree with the experiment.   

While both types of two-part loading models each showed good approximations of the 

experimental results, they did not yield an equal fit along all axes; especially when contrasted 

with the fit obtained when the EPSC model was compared to the Uniaxial data presented by 

Durance [8].   The general shapes and orientation relationships calculated with the model are 

indeed similar to the experimental results, however quantitatively the models are not in synch 

with the measured bulk values.   The model shown in Figures 69 and 70 calculates a final 

engineering stress that is comparable to the measured engineering stress (Model = -469 MPa, 

Sample 1 measured = -454 MPa, Sample 2 measured = -466 MPa) however that model requires a 

bulk strain in the AD of -8.55% to reach these stress loads - approximately 1.5 times the 

experimental compression strains (-5.06% and -5.70% for the two samples).  Similarly, with the 

plots in Figures 71 to 74, it is clear that for the same amount of applied strain, comparable final 

stresses are not found for the model and experiment. The final stress in the loading direction for 

the models representing Sample 1is -356 MPa and for Sample 2 it is -376 MPa (almost 100 MPa 

less than the experimental values along all three axis).    

8.1.2 EPSC Modeling of Tension Experiments 

The Finite Element Model for tension shown in Chapter 4  did show a good approximation of the 

deformation of the experimental sample however as was seen with the compression sample in the 

previous section, the original material properties for Inconel 690 had to be revised in order to 

more accurately represent the experiment.  The INC690 Yield Strength was changed to 250 MPa 

and the Tangent Modulus was set to 3680 MPa.  With these new material properties the model 

was run again with the top of the sample being displaced upwards by 0.66 mm to replicate the 
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deformation of the first experimental sample.  The final stresses in the center of the notch were 

found to be σxx = 9.7 MPa (TD), σyy = 579.5 MPa (AD) and σzz = 131.4 MPa (RD) and the strains 

were εxx = -5.78% (TD), εyy = 7.14% (AD) and εzz = -1.28% (RD).   The final FEM stresses were 

used as the loading boundary conditions for the EPSC model generated to predict the tensile 

behaviour of INC690 along with the parameters listed in Table 17 for the TD and RD directions 

(measured from tension Sample 1).  The output EPSC stresses had to be converted to engineering 

stresses so that both data sets (modeled and experimental) could be plotted on the same axis.  This 

conversion was achieved by using the relationship between the stresses at the top of the FEM 

sample (where the load was applied and where no plastic deformation occurred) and those in the 

middle, along with the ratio of the respective cross-sectional areas.  The modeled and 

experimental results are shown in Figures 75 and 76 with the macroscopic yield shown as the 

orange line.  The FE model was modified to represent the deformation in the first tension sample 

thus it would be inappropriate to compare the EPSC model calculated using those stresses with 

the AD data collected from the second sample.    
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Figure 75: Exp. tension results with model predictions using final FEM stresses; loaded in 

AD, constrained along RD, measured along TD (orient 1). 

 

Figure 76: Exp. tension results with model predictions using final FEM stresses; loaded in 

AD, constrained along RD, measured along RD (orient 1). 
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The tension model predicted using the final FEM stresses as the loading inputs for EPSC does 

show a general agreement with the experimental data in the Transverse, unconstrained direction.  

In that direction the modeled curves for the {200} and {311} agree with the experimental data but 

the lattice strains for the {111} and {220} are over predicted.  The shapes of the curves in RD 

(constrained) are well captured by the model in the elastic region yet in the plastic region the 

model shows a reordering of the curves for the four crystallographic orientations that was not 

seen experimentally.   The Elastic-Plastic transition in both the TD and RD was predicted to 

occur across approximately the same stress range as the experiment.   However, the final bulk 

strains predicted were almost double the measured value for Sample 1 (the predicted strain was 

12.8% versus the calculated final strain of 6.93%). 

A different loading scheme was used in an attempt to generate curves that more correctly fit the 

experiment outputs.   The final strains from the two tensile samples (εxx = -5.79% (TD), εyy = 

6.93% (AD) and εzz = -0.75% (RD) and εxx = -5.72% (TD), εyy = 5.80% (AD) and εzz = -0.54% 

(RD) for the first and second samples, respectively) were used as strain boundary condition 

inputs.  As with the compression model, the negative sum of the strain from the TD and RD was 

input as the loading direction (AD) strain value at 6.54% for the first sample and 6.34% for the 

second.  The unconstrained axis (TD) was left free to deform and the constrained (RD) was set as 

-0.75% and -0.54% for Samples 1 and 2, respectively.  The results of the model and the tensile 

experiments are plotted in Figures 77, 78, 79 and 80.  The macroscopic yield stress is indicated on 

all graphs as an orange line.   
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Figure 77: Exp. tension results with model predictions using final sample strains; loaded in 

AD, constrained along RD, measured along AD (orient 2). 

 

Figure 78: Exp. tension results with model predictions using final sample strains; loaded in 

AD, constrained along RD, measured along TD (orient 1). 
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Figure 79: Exp. tension results with model predictions using final sample strains; loaded in 

AD, constrained along RD, measured along TD (orient 2). 

 

Figure 80 : Exp. tension results with model predictions using final sample strains; loaded in 

AD, constrained along RD, measured along RD (orient 1). 
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Along all three directions the predicted Elastic-Plastic transition occurs over a range of 

approximately 230 to 270 MPa.    The model and experimental data show good agreement for the 

{311} and {220} families of crystallographic planes in Figure 77 but the strains for the {111} and 

{200} reflections are both slightly overpredicted.  For TD, there is better agreement in Figure 78 

than Figure 79 for the {200} and {311} orientations however the strains for {111} and {220} 

reflections are overpredicted for both experimental data sets.  The constrained RD shows good 

agreement in the elastic region: the predicted curves for the four crystallographic orientations 

start off in the negative strain quadrant for the elastic region with the {111} staying close to the 

Y-axis. After the transition point there is a shift of the curves, however while experimentally all 

four curves enter the positive strain quadrant without any distinguishable reordering, the model 

predicts that only the {200} strains exhibit that shift.  The modeled curves reorder from {200}, 

{311}, {220} and {111} in the elastic region to {220}, {111}, {311}, {200} in the plastic zone.  

The behaviour of the {200} family of crystallographic planes seems to be well represented by the 

revised EPSC model along the RD however the agreement is not as good for the other three 

families of orientations.  

A quantitative comparison of the model and the experimental data shows poor agreement.  For 

the input strains from tension Sample 1 the EPSC-calculated engineering stress is 415 MPa 

whereas the experimental engineering stress is 379 MPa.  Similarly, the EPSC output stress for 

the model of tension Sample 2 is 416 MPa while the in-situ testing stress is 394 MPa.  The input 

parameters used to generate these models do not, therefore, appear optimized for this type of 

loading. 
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8.2 Optimization of Model Input Parameters 

By running the EPSC code with the individual parameters changed in increments and observing 

how each coefficient affects the relationship between the curves predicted and the experimental 

data for both Uniaxial and Constrained loading, it was possible to isolate which parameters would 

improve the fits. 

The first input investigated was the Latent Hardening parameter or “hlat”. The effect the hardening 

parameters (hlat and hself) have on the output of the code is dependent on the ratio between the two 

input values thus while optimizing the various parameters it is sufficient to hold hself constant at 

1.0 and determine the appropriate corresponding hlat value.  The effect of hlat on the EPSC Plane 

Strain compression results for the four crystallographic planes studied in this research are shown 

in Figures 81, 82 and 83.  In these graphs, the results predicted for {111}, {311}, {200} and 

{220} planes are grouped together into different coloured sets based on the hlat value used to 

generate them as indicated in the legend of each graph.   
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Figure 81: EPSC results along the AD where hlat = 0.0, 0.1, 0.5, 1.0, 2.0 and 5.0. 

 

Figure 82: EPSC results along the TD where hlat = 0.0, 0.1, 0.5, 1.0, 2.0 and 5.0. 

-600

-550

-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

-3250 -3000 -2750 -2500 -2250 -2000 -1750 -1500 -1250 -1000 -750 -500 -250 0

Strain (Microstrain)

S
tr

e
s
s
 (

M
P

a
)

111-0.0 311-0.0

200-0.0 220-0.0

311-0.1 200-0.1

111-0.1 220-0.1

111-0.5 311-0.5

200-0.5 220-0.5

111-1.0 311-1.0

200-1.0 220-1.0

111-2.0 311-2.0

200-2.0 220-2.0

111-5.0 311-5.0

200-5.0 220-5.0

-600

-550

-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

0 250 500 750 1000 1250 1500 1750 2000

Strain (Microstrain)

S
tr

e
s
s
 (

M
P

a
)

111-0.0 311-0.0

200-0.0 220-0.0

311-0.1 200-0.1

111-0.1 220-0.1

111-0.5 311-0.5

200-0.5 220-0.5

111-1.0 311-1.0

200-1.0 220-1.0

111-2.0 311-2.0

200-2.0 220-2.0

111-5.0 311-5.0

200-5.0 220-5.0



 

137 

 

 

Figure 83: EPSC results along the RD where hlat = 0.0, 0.1, 0.5, 1.0, 2.0 and 5.0. 
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same input strains up to a maximum as shown by the truncated appearance of the curves 

generated with hlat=5.0. 

The same process of investigating each of the other influential parameters (τ0, τ1, θ0 and θ1) 

 individually was carried out along all three axes.  The other five parameters were held constant at 

the values used by Durance (listed in Table 17) [8], while the EPSC program was run with 

increasing increments of the input coefficient being studied in order to gain a clear understanding 

of how that specific parameter affected the predicted results.  The τ0 Voce law parameter is 

responsible for initial yield and thus altering its value changes the position of the first yield point 

along the stress-strain curve.  The τ0 input was increased in increments from 0.030 until 0.125 

with the increments being increasingly smaller from 0.082 (the previously employed value) 

onwards.  When the τ0 parameter was increased both under Constrained and Uniaxial loading, the 

Elastic-Plastic transition occurred further “down” the curve, at a larger stress value along all three 

directions.  An additional effect was seen when investigating along the constrained, Radial 

Direction under Constrained loading such that after the Elastic-Plastic transition, the spread 

between the four crystallographic planes increased with increasing τ0.  The next parameter studied 

was τ1, the Voce stress.  For the previous research conducted [8] this parameter was kept at 0.000 

and this was found to once again be a suitable value because when all other inputs were kept 

constant there was no noticeable effect seen from varying only τ1 when measuring along all axes. 

The next pair of parameters investigated was θ0 and θ1, the initial and final hardening parameters, 

respectively.  The combination of θ0 and τ1 is used to define how quickly a stable plateau is 

reached after the Elastic-Plastic transition has occurred.  The EPSC program will not run if the θ0 

is less than the θ1 value and not much change was seen when the value of θ0 was altered by 

increments at a higher set point.  The value assigned to θ0 greatly depends on the value optimized 
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for θ1 and thus the former must be determined based on the latter.  Final Hardening was increased 

in increments once again from 0.000 until over 1.000 in order to gain insight into the full range of 

how this parameter affected the shape of the stress-strain curve.    It was observed that with an 

increase in θ1 there was a shift seen at the yield point for both the Axial and Transverse Directions 

under Constrained compressive loading.  For the AD, this “shift” was very slight to the left and 

upwards; in other words the yield point occurred at a lower stress but higher strain magnitude.  

For the TD, this modification was also slight and was found to once again be upwards but to the 

right thus reinforcing the trend that with increasing θ1 the yield point occurs at lower stress but 

higher strain.  After the Elastic-Plastic transition, the planes returned to being superimposed 

regardless of the θ1 value.  In terms of the third direction studied, the Radial Direction under 

compression, with an increase in θ1 the curves for the families of crystallographic planes shifted 

“inwards”.  Before the Elastic-Plastic transition, the lines were overlain but past that point the 

curves that crossed over into the compressive zone experienced a shift towards less strain for the 

same given applied stress. 

Judging by Figures 81 to 83, the effect of altering the hlat parameter by itself is not large enough 

to correct the discrepancies in the fit between the model and the experimental data seen earlier, 

however the five influential inputs to the EPSC code (hlat, τ0, τ1, θ0 and θ1) do not function 

independently.  The EPSC software was run in iterative combinations of the parameters to 

determine the sequence of values which would best represent the overall fit of the behaviour of 

Inconel 690 alloy under diverse loading conditions.  The model was optimized to fit within a 

reasonable error both the Constrained and Uniaxial experimental data. 
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8.2.1 Final EPSC Model Inputs 

The combination of the effects of each parameter on the predicted stress-strain curves for the four 

sets of crystallographic planes under investigation aided in the determination of sets of inputs to 

define the behaviour of Inconel 690 with EPSC models under compression and tension loading.     

8.2.1.1 Optimization of Parameters for Compression Loading  

The input coefficients giving the best fit for compression, under both Constrained and Uniaxial 

loading, are listed in Table 18. 

Table 18: Final EPSC inputs optimized for compressive loading of INC690. 

Primary Input Value 

hself 1.0 

hlat 1.5 

τ0 0.082 

τ1 0.000 

θ0 0.371 

θ1 0.370 

C11,22,33 258 

C12,13,31,23,31,32 172 

C44 136 

ODF 
Neutron Diffraction measurements from 

Durance [8] 

 

The input loading condition for the Constrained model utilized an Uniaxial strain followed by the 

“Strain Boundary Condition” option of the ESPC code with the values for one of the two 

experimental specimens depending on which sample was being modeled.  For the Uniaxial model 

a simple strain of -4.02% applied along the AD was employed.  In order to evaluate the 
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agreement of the model outputs with the experimental data, the bulk stress-strain curves from 

both loading scenarios were compared and are shown in Figures 84 and 85.  The complete 

Constrained bulk stress-displacement curve for the first sample was previously shown in Figure 

47B, however during in-situ testing the values measured for the elastic region included the 

response of the grips and Instron rams therefore the abscissae were converted to plastic strain for 

comparison in these figures.  The experimental strains have been normalized to the post-

deformation dimensions of the first sample.  

 

Figure 84: Bulk experimental compression results with optimized model predictions using 

two-part loading; loaded in AD, constrained along RD, measured along AD (orient 1). 
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Figure 85: Bulk Uniaxial experimental compression results with model predictions using 

optimized parameters; loaded in AD, measured along AD. 
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both the model and the experiment. 
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While some agreement was found between the model and the experiment in terms of the 

macroscopic stresses and plastic strains, the fit was not ideal.  The exact measurements of the 

constraint on the sample in the elastic region as well as the effects of friction on the applied stress 

make it difficult to accurately model the macroscopic deformation of the sample.  Instead, 

emphasis was placed on optimizing a model to fit the lattice strains for the four crystallographic 

orientations of interest.  The model values using the optimized parameters from Table 18 plotted 

versus the experimental data are shown in Figures 86, 87, 88 and 89 for the Constrained loading 

condition and similar graphs for the Uniaxial experimental values can be found in Figure 90, 91 

and 92.  The orange line indicates the macroscopic yield stress. 

 

Figure 86: Exp. comp. results with optimized model predictions using two-part loading with 

final measured strains; loaded in AD, const. along RD, measured along AD (orient 1). 
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Figure 87: Exp. comp. results with optimized model predictions using two-part loading with 

final measured strains; loaded in AD, constrained along RD, measured along AD (orient 2). 

 

Figure 88: Exp. comp. results with optimized model predictions using two-part loading with 

final measured strains; loaded in AD, constrained along RD. measured along TD (orient 2). 
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Figure 89: Exp. comp. results with optimized model predictions using two-part loading with 

final measured strains; loaded in AD, constrained along RD, measured along RD (orient 1). 

 

Figure 90: Uniaxial experimental compression results with model predictions using 

optimized parameters; loaded in AD, measured along AD. 
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Figure 91: Uniaxial experimental compression results with model predictions using 

optimized parameters; loaded in AD, measured along TD. 

 

Figure 92: Uniaxial experimental compression results with model predictions using 

optimized parameters; loaded in AD, measured along RD. 
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The new input values determined to create a good model fit for the experimental data collected 

for both the Constrained and Uniaxial compression tests are not very different from those 

previously optimized for solely the Uniaxial data, however those slight changes allowed for one 

set of parameters to be used to fit both loading scenarios and thus more accurately represent the 

material behaviour for Inconel 690.   

The agreement between the model and the Constrained experimental results shown in Figures 86 

to 89 is better than that depicted in Figures 69 and 70 or Figures 71 to 74.  This newer model 

shows better agreement between the predicted Elastic-Plastic transition and that experienced by 

all four crystallographic planes studied along the three principal directions and the shapes of the 

predicted curves are closer to the experiment, especially the {200} along the RD.  The biggest 

discrepancy between the model and the experiment was seen with the results for the Transverse 

Direction in Figure 88: modeled “kickback” feature was found for the {200} curve where there 

was none experimentally.  In terms of the final Engineering Stresses calculated by the model, 

outputs of -449 MPa and -476 MPa were determined for Samples 1 and 2, respectively.  These 

values are close to the -454 MPa and -466 MPa determined experimentally. 

The agreement shown between the Uniaxial model and the data of Durance in Figures 90, 91 and 

92 is also very reasonable.  In Figure 90, when measuring along the Axial Direction, there is good 

agreement between the values predicted using the parameters from Table 18 and the 

experimentally determined data set though it is not as good as when the model is run with the 

inputs solely optimized for that particular loading condition.  The accord is especially highlighted 

for the {220} and {111} planes where the model accurately predicts the subtle Elastic-Plastic 

transition seen most visibly with those two reflections.  As was also seen with Durance‟s work, 

the {311} planes show the poorest fit to the data and this was not improved by any alteration of 
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the hardening parameters [8]. The agreement shown in Figure 91 for the {111}, {220} and {311} 

planes is similar to that of the model run using the input values from the work by Durance and 

previously included in Figure 19.  However, while the predicted shape of the curve for the {200} 

planes does not perfectly represent the experimentally determined curve, when the newer input 

values (as listed in Table 18) were employed, the “kickback” occurred at a slightly larger stress 

thus representing the elastic portion of the curve slightly better.  In Figure 92 the experimental 

data was very noisy yet it does appear as though the values of the {111} and {200} reflections are 

well predicted during the elastic range; once in the plastic region the {200}, {311} and {220} are 

greatly underpredicted.  In terms of the final true stresses (this type of true stress was what was 

reported by Durance [8]) the EPSC code output a value of -402 MPa while the in-situ testing 

yielded values of -358 MPa for the Uniaxial Sample 1 and -381 MPa for the Uniaxial Sample 2.   

8.2.1.2 Optimization of Parameters for Tension Loading 

While the results presented in Figures 86 to 92 are encouraging, it was not possible to employ all 

the same parameters to generate good fits for the tensile data. A different Latent Hardening 

Parameter was optimized to fit the Constrained and Uniaxial tension data for the four sets of 

crystallographic planes studied via neutron diffraction.  The new hlat value was 0.4 and all the 

other parameters remained as listed in Table 18. 

As was done with compression, the bulk stress-strain curves from both the tensile Constrained 

and Uniaxial loading conditions were compared and are shown in Figures 93 and 94.  The 

complete Constrained bulk stress-displacement curve for the second tension sample was 

previously shown in Figure 47A, however only the plastic regions are included in these figures.  

The experimental strains are here scaled to the modeled final strain to compensate for the 

deformation of the bolt holes which was included in the overall stress and strain measurements.  
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In Figure 94, a model input strain value of 6% was applied along the loading direction in order to 

replicate the Uniaxial experimental conditions.  

 

Figure 93: Bulk experimental tension results with optimized model predictions using final 

sample strains; loaded in AD, const. along RD, measured along AD (orient 2).  
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Figure 94: Bulk Uniaxial experimental tension results with model predictions using 

optimized parameters; loaded in AD, measured along AD. 
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values were scaled to properly show the amount of plastic strain the samples in reality experience.  

The model and the in-situ samples do experience the same amount of total strain, as is supported 

by Tables A-3 and A-4 in Appendix C and the comparison in Figure 93.  The Uniaxial results, in 
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the model and the experiment.  In this case, the curves for the model and the experiment are very 

similar in shape throughout loading, although the strains are overpredicted and the curves diverge 

from one another.   

The tension model created with the optimized hlat value showed good agreement with the 

experiment on the macroscopic level for the Constrained loading however the fit was not 

optimized for Uniaxial loading.  As with compression greater emphasis was placed on the fit 

between the in-situ tensile data and the predicted lattice strains.  Figures 95, 96, 97 and 98 show 

the final lattice strain evolution predicted using the EPSC model for the Constrained case and 

Figures 99, 100 and 101 show the comparison for the Uniaxial case.  The macroscopic yield 

stress is indicated on all graphs as an orange line.   

 

Figure 95: Experimental tension results with optimized model predictions using final 

sample strains; loaded in AD, constrained along RD, measured along AD (orient 2). 
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Figure 96: Experimental tension results with optimized model predictions using final 

sample strains; loaded in AD, constrained along RD, measured along TD (orient 1). 

 

Figure 97: Experimental tension results with optimized model predictions using final 

sample strains; loaded in AD, constrained along RD, measured along TD (orient 2). 
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Figure 98: Experimental tension results with optimized model predictions using final 

sample strains; loaded in AD, constrained along RD, measured along RD (orient 1). 

 

Figure 99: Uniaxial experimental tension results with model predictions using optimized 

parameters; loaded in AD, measured along AD. 
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Figure 100: Uniaxial experimental tension results with model predictions using optimized 

parameters; loaded in AD, measured along TD. 

 

Figure 101: Uniaxial experimental tension results with model predictions using optimized 

parameters; loaded in AD, measured along RD. 
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The EPSC model generated using the parameters optimized for tension loading provided an 

improved fit with all of the lattice strain data gathered comparable to the fits for the compression 

model.  The engineering stress calculated for the tension Sample 1 was 389 MPa where the 

experimental value was 379 MPa.  The engineering stress for the tension Sample 2 was also 389 

MPa and the corresponding experimental value was 394 MPa.   

 The tensile EPSC model generated for the Uniaxial experimental data also displayed good 

qualitative and quantitative fit with the experiment.  Agreement was shown for the {200}, {111} 

and {220} reflections measured along the AD in Figure 99 however lattice strains for the {311} 

were slightly underpredicted.  A high level of accuracy was seen in Figures 100 and 101 where 

the response of INC690 was investigated along the Transverse and Radial Directions.  The 

agreement between the model and the measured data for all four crystallographic orientation 

curves in the elastic zone is very strong however the data becomes quite noisy once the plastic 

zone is reached (more so in Figure 101).  In addition, the EPSC model generates a strong 

“kickback” feature on the {200} reflections as well as a more subtle one on the {311} which are 

both not present with the experimental results along either direction.  For the Uniaxial case, the 

final true stress value output by the code was 347 MPa whereas the experimental values were 374 

MPA for Uniaxial Sample 1 and 361 MPa for Uniaxial Sample 2.     

8.2.1.3 Compromise of Parameters for Compression and Tension Loading 

Usually in a given FCC material deformation is assumed to be symmetrical and  only one set of 

input EPSC parameters would be used to represent the material in compression and tension, both 

in the Constrained case and when loaded Uniaxialy.  Optimized parameters have been previously 

listed for the material‟s response to tension and compression separately and the generated plots 

show how close of a fit can be achieved with this model after optimization to a specific loading 
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condition.  However, there are possible experimental errors that may contribute to the differences 

between the compression and tension results since the fits to either set of experimental data with 

the different input values are not sufficient on their own to justify two different values of hlat for 

the same material. Instead, a value of hlat=0.65 was found as the best compromise between 

tension and compression, Constrained and Uniaxial loading.  The lack of fit to the lattice strains 

under either loading condition is especially evident along both the Poissson‟s directions (this is 

seen with the Uniaxial results as well).  This poor agreement may be attributed to sensitivity to 

the rotation of the crystal orientations about the diffraction vector; as was shown first by Oliver 

[36] and again by Durance [8].  Lattice strain development along the Poisson‟s directions was 

seen to be highly dependent on the crystal orientation with regards to the loading direction: as 

little as 5 degrees of rotation in the texture described by the experimentally generated ODF was 

seen to significantly alter the experimental output lattice strains [8, 36].  These observations lead 

to the conclusion that “[the] discrepancy between the model prediction and the experimental data 

may not reflect a deficiency in the [EPSC] model, but may imply that the ODF input to the model 

is not [a] sufficiently accurate representation of the actual texture” [8].  Inaccurate texture data 

generated from the experimental pole figures and used with the model may be causing the 

apparent disagreements between the compression and tension fits. 

An additional source of error may be the friction experienced by the compression sample during 

loading.  Friction between the side plates and the samples would have contributed to increasing 

the stresses experienced by the samples under compression for a given strain and thus increasing 

the value of hardening required to model the material‟s response.  The tension samples had no 

such external influences and this is reflected in the lower Latent Hardening parameter employed 

to model that loading condition.  Furthermore, the conversions between the output EPSC true 
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stress and strain and the engineering stress and strain used for both compression and tension was 

based on approximate relationships and as such may have introduced slight error into the 

predicted results.      

Due to these possible sources of error, two separate models are not fully justified and a 

compromised-fit between all the loading conditions was explored.  The corresponding plots for 

the macroscopic stress-strain curves for Constrained compression, Uniaxial compression, 

Constrained tension and Uniaxial tension generated with the compromised hlat=0.65 are shown in 

Figures 102, 103, 104 and 105, respectively. 

 

Figure 102: Bulk exp. compression results with compromised-fit model predictions using 

two-part loading; loaded in AD, constrained along RD, measured along AD (orient 1). 

-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

-5.5 -5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

Bulk Plastic Strain (%)

B
u

lk
 S

tr
e

s
s

 (
M

P
a

) Model

EXP



 

158 

 

 

Figure 103: Bulk Uniaxial experimental compression results with model predictions using 

compromised-fit parameters; loaded in AD, measured along AD. 

 

Figure 104: Bulk exp. tension results with compromised-fit model predictions using final 

sample strains; loaded in AD, constrained along RD, measured along AD (orient 2). 
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Figure 105: Bulk Uniaxial experimental tension results with model predictions using 

compromised-fit parameters; loaded in AD, measured along AD. 
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compression, Uniaxial compression and Constrained tension loading conditions are superior 

when the optimized parameters of hlat=1.5 and hlat=0.4 are employed, respectively. 

Future evidence that two different hlat values are necessary to model the response of INC690 to 

compression and tension loading can be seen by comparing the predicted and measured lattice 

strains.  The plots showing the model with the experimental behaviour on a crystallographic level 

for Constrained compression, Uniaxial compression, Constrained tension and Uniaxial tension 

generated with hlat=0.65 are shown in Figures 106, 107, 108 and 109; 110, 111 and 112; 113, 114, 

115 and 116; and 117, 118 and 119, respectively.  Each graph includes an orange line indicating 

the macroscopic yield stress for Inconel 690. 

 

Figure 106: Exp. comp. with compromised-fit model predictions using two-part loading 

with final measured strains; loaded in AD, const along RD, measured along AD (orient 1). 
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Figure 107: Exp. comp. with compromised-fit model predictions using two-part loading 

with final measured strains; loaded in AD, const. along RD, measured along AD (orient 2). 

 

Figure 108: Exp. comp. with compromised-fit model predictions using two-part loading 

with final measured strains; loaded in AD, const along RD, measured along TD (orient 2). 
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Figure 109: Exp. comp. with compromised-fit model predictions using two-part loading 

with final measured strains; loaded in AD, const along RD, measured along RD (orient 1). 

 

Figure 110: Uniaxial experimental compression results with model predictions using 

compromised-fit parameters; loaded in AD, measured along AD. 
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Figure 111: Uniaxial experimental compression results with model predictions using 

compromised-fit parameters; loaded in AD, measured along TD. 

 

Figure 112: Uniaxial experimental compression results with model predictions using 

compromised-fit parameters; loaded in AD, measured along RD. 



 

164 

 

 

Figure 113: Exp. tension results with compromised-fit model predictions using final sample 

strains; loaded in AD, constrained along RD, measured along AD (orient 2). 

 

Figure 114: Exp. tension results with compromised-fit model predictions using final sample 

strains; loaded in AD, constrained along RD, measured along TD (orient 1). 
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Figure 115: Exp. tension results with compromised-fit model predictions using final sample 

strains; loaded in AD, constrained along RD, measured along TD (orient 2). 

 

Figure 116: Exp. tension results with compromised-fit model predictions using final sample 

strains; loaded in AD, constrained along RD, measured along RD (orient 1). 
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Figure 117: Uniaxial experimental tension results with model predictions using 

compromised-fit parameters; loaded in AD, measured along AD. 

 

Figure 118: Uniaxial experimental tension results with model predictions using 

compromised-fit parameters; loaded in AD, measured along TD. 
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Figure 119: Uniaxial experimental tension results with model predictions using 

compromised-fit parameters; loaded in AD, measured along RD. 

As the parameters chosen are a compromise between the ideal fit for all loading options the 

agreement between the model and the experimental data is not exact for any of the figures.  

Added to this is the uncertainty with which the behaviour of the sample in the elastic region was 

modeled: in both compression and tension the constraint may not be accurately replicated.  In the 

compression Constrained case, the elastic region is modeled as Uniaxial loading however it is not 

possible to ascertain at which point exactly the sample underwent constraint; applying that 

condition at the Elastic-Plastic transition point is an oversimplification.  Similarly, no special 

boundary conditions were placed on the elastic region of the sample under Constrained tension 

however from the appearance of the data complete constraint was not achieved in that region.  

Additionally, as can be seen in Tables A-3 and A-4 in Appendix C, there was asymmetrical 

loading of the samples during these tests, most likely due to the slight misalignment of the bolts 

used to secure the specimens to the grips.  This misalignment of the applied load is clearly seen 
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by the variance of the height of the notch across the width in the samples post-deformation: in 

Sample 1 (in Table A-3) the difference in the deformation of the notch height is 0.06 mm.  In 

Sample 2 (in Table A-4) this difference is increased to 0.08 mm between the left and right side.  

Applying the load in tension at an uneven angle would cause a small amount of shearing and 

most likely contributed to the stress versus lattice strain behaviour seen in the elastic region (most 

evident in the RD).  The final deformation values of the samples and the only slight tendency of 

the experimental reflection curves into the negative strain quadrant indicate that the sample 

underwent a small amount of as-yet non-modeled deformation before experiencing constraint.  

Without knowing exactly what occurred in the elastic region during the loading of the samples in 

both compression and tension it is difficult to accurately model the behaviour over all. 

Though not a completely accurate representation of the behaviour of INC690, the model in 

Figures 106 to 119 does show reasonable agreement to both the compression and tension 

experimental data.  Good agreement is seen for the placement of the Elastic-Plastic transition 

amongst all the graphs and the shapes of the curves are as good as those generated using the 

optimized parameters for each loading condition (shown in Table 18), with a few noted 

exceptions.  In Figure 108, for Constrained compression along the TD, the shape of the {200} 

curve is smoother during the Elastic-Plastic transition.  In the plastic region the curve for that set 

of orientations remains in line with the other three reflections which is not seen previously in 

Figure 88.  Contrarily, the shape of the {200} prediction in Figure 109 along the RD is not in as 

good agreement in the plastic region with the experimental results as was seen in Figure 89.   In 

Figure 113, for Constrained tension along the AD, exceptional agreement is seen between the 

model and the experimental values for the {311}.  In Figure 116, as compared to Figure 98, for 
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the Constrained tension along the RD, the {200} does not show as close of an agreement in the 

plastic region: the predictions achieve higher strains for the same stresses.   

In all of the compression cases the final stresses are underpredicted whereas in tension all final 

stresses are overpredicted.  For the former, in the Constrained case the final engineering stress 

predicted by EPSC was -360 MPa for Sample 1 and -381 MPa for Sample 2.  These values are 

contrasted with the experimental values of -454 MPa (Sample 1) and -466 MPa (Sample 2).  For 

Uniaxial compression, a final true stress was predicted at -330 MPa as compared to -358 MPa for 

the Uniaxial Sample 1 and -381 MPa for Sample 2.  The overpredicted stresses in tension are 

calculated as an engineering stress of 420 MPa under Constrained loading.  This value is slightly 

higher than the experimental results of 379 MPa (Sample 1) and 394 MPa (Sample 2).  In terms 

of Uniaxial tension, 375 MPa was predicted and this corresponds nicely to the experimental 

values of 374 MPa (Sample 1) and 361 MPa (Sample 2).   

Due to the complexity of the constraints in the elastic region, it is difficult to accurately model the 

behaviour of the deformed samples from the start of loading and therefore it is not possible to 

reach complete agreement between the model and the experimental data in the plastic region.  

The lack of agreement in the elastic region is especially evident in Figures 88, 97 and 108 (all 

showing lattice strain measurements along TD).  The discrepancies seen are most likely due to 

inaccurate constraint applied by the model in the elastic range.  With the exact constraint in the 

elastic region unknown, the output generated for the plastic region carries a level of inaccuracy as 

well which may contribute to the observed differences in lattice strain fit between the 

compression and tension data.  Adding to this the previously mentioned possible error in texture 

and the friction experienced by the compression sample and without total knowledge of the 

constraint under both compression and tension in the elastic region it is not possible to verify with 
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complete accuracy the fits in the plastic region.  The lack of agreement between the model and 

the experimental data is especially evident with the macroscopic curves. In this research emphasis 

was placed on deriving parameters that would afford a best fit to the lattice strains however 

further work could be carried out to optimize the fit to the macroscopic data as well.  A more 

accurate understanding of the elastic constraints as well as the contributions of the sources of 

error would be needed to improve the fit to the macroscopic curves.  Without this additional 

information, accepting two models to describe the behaviour of the material is not justified and 

the compromised-fit model is sufficient at this time.  However the current optimized input 

parameters do produce acceptable results approximating the material‟s behaviour under varied 

loading conditions and thus allow for a more elaborated understanding of the response of Inconel 

690 to applied loads than was previously achieved with only Uniaxial data. 
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Chapter 9 

Conclusions 

This study investigated the development of the “Type II” lattice strains under Constrained loading 

in both compression and tension in Inconel 690.  It was shown using Elasto-Plastic Self-

Consistent (EPSC) model predictions that lattice strains develop differently along the principal 

axes when deformed under this more complex loading condition than under previously studied 

Uniaxial compression or tension.  The dissimilarity in response was particularly strong along the 

Radial, constrained direction. 

Using Finite Element Analysis, a compression rig was designed that would allow a load to be 

applied to a sample of INC690 while one of the Poisson‟s directions was constrained thus 

approximating the Plane Strain condition. The dimensions of this rig were limited by the 

constraints of the hydraulic loading frame used to apply the external stress as well as the path of 

the incident neutron beam used as the measurement technique.  A notched tensile sample was also 

designed whose dimensions at the notch allowed for self-constriction along one of the Poisson‟s 

directions, again approximating Plane Strain during loading in the neutron spectrometer.   

Time-of-Flight neutron diffraction was used to measure the lattice strain development of the 

{111}, {311}, {200} and {220} reflections for two Constrained compression tests and two 

Constrained tensile tests.  True Plane Strain was not achieved in either case however significantly 

lower strain magnitudes were exhibited in the constrained than in the unconstrained directions.  

Upon comparison with previous Uniaxial experimental data, predicted qualitative differences in 

the lattice strain evolution were also observed with the experimental data.  

The results obtained from both sets of Constrained tests permitted the optimization of an EPSC 

model which could predict the behaviour of this alloy.  Input boundary conditions employed to 
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model the lattice strain development were based on the Finite Element Models (including the 

testing rig for compression but only the specimen for tension) and the final sample dimensions 

post-deformation.    

The Voce Hardening Parameters and other inputs were additionally evaluated iteratively to 

determine the combination which would yield curves of best fit for experimental results for 

Constrained compression and tension as well as Uniaxial loading, both on the level of the bulk 

and the lattice.  It was found that simply altering the Latent Hardening (hlat) parameter allowed 

the model to be optimized for each unique loading scenario.  This suggested the possibility of an 

effect of hydrostatic stress on hardening however the results are insufficient to support a firm 

conclusion.  In addition to the hlat values optimized to best fit compression and tension, a third 

one was reported as a compromise between the best fits for the opposing loading conditions. 

This research served to illustrate how Constrained loading affects the lattice strains experienced 

by Inconel 690 and to develop a set of parameters which would allow for reasonable predictions 

to be made for the behaviour of this alloy under complex loading conditions.  The model fits to 

the development of lattice strain under Constrained compression and tension are not ideal for the 

Poisson‟s directions and this may be attributed to inaccuracies in the texture data as well as 

known deficiencies by this version of EPSC.  For example, the EPSC program used does not take 

into account nearest neighbour effects, orientation correlations, etc.   This research does however 

achieve the goal of gaining a more comprehensive knowledge of Inconel 690‟s deformation 

behaviour and the results reported here can help in the development of more refined models. 
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Chapter 10 

Recommended Future Work 

This research aided in the on-going process of understanding Inconel 690 and related alloys on an 

intergranular level and thus being able to predict the response of that material to various loading 

scenarios.  However, there is still work that can be done to further improve the Elasto-Plastic 

Self-Consistent model of this metal.   

The model fit might be improved for both compression and tension by employing input strain or 

stress boundary conditions measured at intervals throughout the loading.  In-situ strain 

measurement would allow for accurate readings of the constraint history and thus facilitate the 

development of these input files.  Strain gauges could be placed on the side plates of the 

compression rig to measure the constraint however a measurement technique would have to be 

devised to accommodate the unique geometry of the tensile sample.  Optimizing the model fit to 

the macroscopic curves might improve the fit to the lattice strains under all loading conditions as 

well.  In any case, the lattice strain development results seen with this research could be used to 

further improve more recent polycrystalline models. 

Modifications to the compression rig itself could be implemented to induce a greater level of 

constraint along one direction.  The diameter or the stiffness of the bolts could be increased to 

more firmly hold the side plates together or in place of the bolts, a G-clamp or other external 

device could instead be employed, as long as the incident and scattered beams were not interfered 

with and the constraint was applied uniformly.  The issue of uneven loading in tension can be 

resolved by ensuring that the bolt holes in each end of the specimen are drilled parallel to each 

other as well as to the notch and that they are centered about the axis down the length of the 

sample. 
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Appendix A 

Grip Dimensioned Drawings – Compression 

In order for the compression rig to be fitted into the hydraulic Instron machine in use at the 

neutron diffraction beam line, two grips had to be designed that would extend the arms of the 

loading rig.  These two identical grips were manufactured from 2” bar stock of 1045 Tool Steel 

and the exact dimensions for their construction are shown in the technical drawing included on 

the following page. 
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Appendix B 

Grip Dimensioned Drawings – Tension  

Fitting the Inconel 690 tensile samples into the hydraulic Instron machine to allow for in-situ 

testing to be done via neutron diffraction required the design of specialized grips.  Already 

available were C-shaped attachment pieces for the loading rig however additional smaller ones 

were necessary to fit the INC690 samples into those larger grips.  One grip on either end of the 

tensile specimen was secured with high strength steel bolts and then attached to the larger grips 

with the help of a pin. The two identical grips were manufactured from 4140 Tool Steel and the 

dimensions for fabrication are specified in the technical drawing on the following page.  
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Appendix C 

Strain Calculations Post-Deformation 

In Table A – 1 below the strain calculations are listed for the compression sample tested in the 

first orientation.  Following that, the post-deformation measurements for the second sample are 

included in Table A – 2.  In both tables, the “Back” refers to the face of the sample which was 

against the side plate that had the pedestal feature connected to it; the “Front” was the other side 

of the sample and “Middle” was equidistance between the two surfaces.  Similarly, the “Right 

Side” was the face that was unconstrained and to the right on the sample with regards to the 

“Front” of the sample and the “Left Side” is the unconstrained surface to the left with regards to 

the “Front”.  Additionally, the height was measured for the AD, loading direction; the width was 

along the TD, unconstrained direction and the thickness was along the RD, constrained direction.  
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Table A - 1: Strain Calculations for the First Compression Sample – Post-Deformation. 

Dimension 
Before 

Loading 

After 

Loading 
Difference Eng. Strain Strain % Direction 

Front 

Height 
16.18 15.35 -0.83 -0.05129789 -5.129789 Loading  

Back 

Height 
16.18 15.38 -0.80 -0.04944376 -4.944376 Loading  

Right Side 

Height 
16.18 15.40 -0.78 -0.04820760 -4.820760 Loading 

Left Side 

Height 
16.18 15.36 -0.82 -0.05067985 -5.067985 Loading 

Average:     -4.9907275 Y dir 

Av. Front 

Width 
8.08 8.33 0.25 0.030940594 3.0940594 Unconst‟ed  

Av. Middle 

Width 
8.08 8.35 0.27 0.033965896 3.3965896 Unconst‟ed 

Av. Back 

Width 
8.08 8.32 0.24 0.02970297 2.970297 Unconst‟ed 

Average:     3.1536486 X dir 

Av. Right 

Side 

Thickness 

8.05 8.20 0.15 0.01863354 1.863354 Constrained  

Av. Middle 

Thickness 
8.05 8.21 0.16 0.019875776 1.9875776 Constrained  

Av. Left 

Side 

Thickness 

8.05 8.20 0.15 0.01863354 1.863354 Constrained 

Average:     1.9047619 Z dir 

Strain Values      

Y: -4.9907275 %    

X: 3.1536486 % Total 3 dir: -0.067683 % 

Z: 1.9047619 %    
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Table A - 2: Strain Calculations for the Second Compression Sample – Post-Deformation. 

Dimension 
Before 

Loading 

After 

Loading 
Difference Eng. Strain Strain % Direction 

Front 

Height 
15.98 15.14 -0.84 -0.05256570 -5.256570 Loading  

Back 

Height 
15.98 15.11 -0.87 -0.0.5444305 -5.444305 Loading  

Right Side 

Height 
15.98 15.13 -0.85 -0.05319149 -5.319149  

Left Side 

Height 
15.98 15.13 -0.85 -0.05319149 -5.319149  

Average:     -5.3340434 Y dir 

Av. Front 

Width 
8.01 8.33 0.32 0.03995006 3.995006 Unconst‟ed 

Av. Middle 

Width 
8.01 8.34 0.33 0.041198501 4.1198501 Unconst‟ed 

Av. Back 

Width 
8.01 8.33 0.32 0.03995006 3.995006 Unconst‟ed 

Average:     4.0366207 X dir 

Av. Right 

Side 

Thickness 

8.02 8.15 0.13 0.01620947 1.620947 Constrained  

Av. Middle 

Thickness 
8.02 8.15 0.13 0.01620947 1.620947 Constrained  

Av. Left 

Side 

Thickness 

8.02 8.16 0.14 0.01745635 1.1745635 Constrained 

Average:     1.6625104 Z dir 

Strain Values      

Y: -5.3340434 %    

X: 4.0366207 % Total 3 dir: 0.365088 % 

Z: 1.6625104 %    

In Table A – 3 below the strain calculations are listed for the first tensile sample tested and the 

values for the second sample are included after that in Table A - 4.  The dimensions were 

measured for the notched area since that is where the Plane Strain condition was anticipated, 

more specifically in the area labeled “Middle”.  The height was taken for the Y-axis, AD, loading 

direction; the thickness was along the Z-axis, TD, unconstrained direction and the width was 

along the X-axis, RD, self-constrained direction.  
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Table A - 3: Strain Calculations for the First Tensile Sample – Post-Deformation. 

Dimension 
Before 

Loading 

After 

Loading 
Difference Eng. Strain Strain % 

Notch height - right 3.01 3.19 0.18 0.0598007 5.980066 

Notch height - left 3.00 3.24 0.24 0.0800000 8.000000 

Notch height - middle 3.01 3.21 0.21 0.0682196 6.821963 

Average:    Y-axis 6.93401 

Notch width  (X-axis) 24.11 23.93 -0.18 -0.0074658 -0.74658 

      

Notch thickness - right 

side (Z-axis) 
3.00 2.96 -0.04 -0.0133333 -1.33333 

Notch thickness - left 

side (Z-axis) 
3.05 3.00 -0.05 -0.0163934 -1.63934 

Notch thickness - 

middle (Z-axis) 
3.03 2.85 -0.18 -0.0578512 -5.78512 

      

Strain Values     

Y: 6.934009947 %    

X: -0.746578183 % Total 3 dir: 0.4023078 % 

Z: -5.785123967 %    

Table A - 4: Strain Calculations for the Second Tensile Sample – Post-Deformation. 

Dimension 
Before 

Loading 

After 

Loading 
Difference Eng. Strain Strain % 

Notch height - right 3.07 3.21 0.14 0.0456026 4.560261 

Notch height - left 3.01 3.23 0.22 0.0730897 7.30897 

Notch height - middle 3.03 3.19 0.16 0.0528053 5.280528 

Average:    Y-axis 5.716586 

Notch width  (X-axis) 24.14 24.01 -0.13 -0.0053853 -0.53853 

      

Notch thickness - right 

side (Z-axis) 
3.00 2.96 -0.04 -0.0133333 -1.33333 

Notch thickness - left 

side (Z-axis) 
3.03 3.02 -0.01 -0.0033003 -0.33003 

Notch thickness - 

middle (Z-axis) 
3.02 2.84 -0.18 -0.0580431 -5.80431 

      

Strain Values     

Y: 5.716586246 %    

X: -0.538525269 % Total 3 dir: -0.6262508% 

Z: -5.804311774 %    
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Appendix D 

Compression Rig Finite Element Model 

A Finite Element model was created to replicate the loading of the first compression sample after 

the in-situ loading experiments had been carried out.  The meshed model is shown in Figure D-1 

and a detailed description of the composition is included below. 

 

Figure D-1: Final, optimized meshed compression rig modeled with the Finite Element 

Analysis program ANSYS. 

This model was constructed using 3D Solid 164 type elements.  The sample (the teal rectangle) 

was mapped with hexahedral elements with a global unit size of 1 mm – this fine mesh allowed 

for stress and strain predictions over very small areas thus creating a very accurate representation 

of what the sample was experiencing.  The side plates (the pink, yellow and aqua blue rectangles) 
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and the pedestal (the purple rectangle) were meshed with hexahedral elements with a global size 

unit of 2 mm.  The behaviour of these components was less crucial to the investigation thus a 

coarser mesh was permitted.  The plunger (the red component) was meshed with tetrahedral 

elements with a global element size of 3 mm.  Finally, the bolts (the lime green components) 

were of a unique shape and as such required a more unique meshing approach.  The cylindrical 

bolts were limited on either end by cubes acting as the nuts that would hold the bolts in place in 

the real rig.  This combination of cubes and cylinders required a tetrahedral mesh with global size 

unit of 4 mm and a “smart size” unit of 10.    


