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Abstract

Alloy 718 is a unique superalloy that has been in use for a number of years. It also has the
distinction to be utilized throughout the aerospace and general industrial communities. The
applications for this material are often very unique and require tailoring of the microstructure and
subsequently the mechanical properties to meet these specific needs. To support optimization of
Alloy 718 mechanical properties and performance, considerable work has been conducted by the
materials community to develop materials and manufacturing process models to aid in the
simulation and prediction of the microstructure and mechanical properties of components
produced from this alloy. This paper will review various modeling and simulation tools and
applications to Alloy 718. This complex alloy is continuing to see optimization efforts through
the use of modeling and simulation to support new and enhanced application requirements.

Introduction

Modeling and simulation tools and computational methods are being developed and used for a
wide range of applications. Models that describe the behavior of microstructure evolution are
being linked to manufacturing process simulations to enable predictive assessment and analysis
for specific component applications. The models that are being created are of various types,
including physics-based mechanistic models, experiment-based phenomenological models or
input-output data-based statistical models.

These computational tools are being applied to nearly every material for the purpose of
enhancing material and component capability, and reducing material, process or component
development time and/or cost. Materials are currently being designed and optimized through the
use of computational tools. [1, 2, 3] Use of computational tools has provided the ability to seek
both cost and performance enhancements of new alloys for the broad range of nickel-base
superalloy classes for turbine engine disk applications. The application of computational
methods can enable the assessment of alloy inherent, manufacturing process and application life-
cycle costs, which can open up the ability to holistically design new components for optimum
performance and total life-cycle costs.

Recent work has shown significant reduction in new alloy development time through the
application of computational methods. Similarly, manufacturing processes are being simulated
along with material response to enable process optimization and control schemes to produce
unique, location-specific designed components, such as hybrid-microstructure (dual-
microstructure) disks for turbine engine applications [4].
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Alloy 718 is a very common nickel-base superalloy, and had provided the basis for a number of
modeling and simulation efforts. The application of this alloy and its derivatives to materials and
process modeling development has been in part due to the availability of this material and the
many potential uses of modeling and simulation tools aimed at enhancing the numerous
components produced from this material. This alloy and its derivatives, however, actually
represent a significant challenge to the modeling and simulation community. The alloy has a
rather complex phase make-up, with equilibrium and non-equilibrium phase generation and
manipulation during processing.  This results in complex thermodynamic and Kkinetic
understanding and description.

A review of the various metallurgical and manufacturing related processes has been conducted in
light of modeling and simulation. An assessment of the activities and associated capability to
predict the microstructural evolution and accompanied mechanical property development within
Alloy 718 material has been conducted. There has been significant effort to model and simulate
the evolution of structures and properties in this alloy, but further work remains to develop
industry-wide standards for these engineering methods and to establish standard validation
techniques to ensure accurate and reliable predictions, including variants of Alloy 718 and new
and novel processing methods.

Modeling and Simulation Methods

Models and modeling techniques for materials and manufacturing processes are continuing to
evolve. Pragmatic relationships that describe the observed interaction and dependency of
specific parameters on resultant observations have been developed and utilized for many years,
such as the Hall-Petch relationship for strength as related to alloy grain size. But as further
mechanisms are defined that control specific observations and as engineering requirements
increase for further prediction accuracy, increasingly complex, physics-based models are
emerging, such as crystal-plasticity and dislocation dynamics modeling to predict the
deformation, strain localization, and microscopic and macroscopic properties of materials.

There are a wide range of models that describe specific metallurgical phenomenon. [5] These
models often times, especially when the model is complicated and incorporates numerous
mechanisms, require the development of material-specific parameters, such as grain boundary
energies, anti-phase boundary energies, multi-component mobilities etc., which are difficult to
measure and establish. This results in mechanistic models that require fitting, or inverse
calculation of specific parameters to establish “calibrated” models for specific alloys and
materials systems.

Models for thermodynamic prediction of phase equilibria have been established and are used in
conjunction with other mechanistic models to predict phase and microstructure evolution.
Diffusion-based mobility models have been developed and deployed for numerous high-
temperature simulation applications. Both the thermodynamic and kinetic models require
databases to enable calculation of free energies and mobility information. While these models
are physics-based, experimental data and database generation is required for actual application to
industrial materials and processes.

Microstructure evolution models are also evolving from phenomenological approaches, though
extremely pragmatic and accurate, to more complex physics-based methods that provide greater
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insight into the specific mechanisms that are controlling the evolution of the microstructure and
its morphology. Johnson, Mehl, Avrami and Kolomogorov-type (JMAK) models have been
used for many years to predict the recrystallization of metallic materials. [6,7,8] The prediction
of rate of recrystallization and recrystallized grain size are a function of the starting grain size,
temperature, strain rate (or derived parameters, such as the Zener-Holloman parameter, which is
the temperature compensated strain rate), strain as well as the post deformation hold time. These
types of models have been linked with finite element method codes to enable simulation of grain
structure evolution as a function of deformation process employed. More recent work to predict
microstructure evolution has been in the form of phase-field modeling [9] and cellular automata
[10], or cellular automata linked to finite element methods (CAFE methods) [11]. These more
physics-based grain structure evolution models require further understanding of the mechanisms
and often rely on other models to provide input data for prediction, which include
thermodynamic and mobility predictions as a minimum.

Precipitation models also range from phenomenological to mechanistic. Recent work has shown
that mechanistic models that utilize the mean-field approximation do provide useful prediction of
precipitate formation. [12] Further enhancements for these tools have lead to modifications of
the description of precipitation and subsequent growth of particles on grain boundaries
preferentially to intra-granular precipitates. And as with grain structure evolution, other
mechanistic modeling approaches have been evolving to enable accurate prediction of precipitate
formation and growth along with detailed description of morphology via phase-field type
methods. [13].

Mechanical property prediction is of great interest to component designers. Designers often do
not care about the prediction of microstructure, but mechanistic or microstructure-based
prediction of mechanical properties require these types of models to be developed and validated
as the initial step. Tensile and creep models based on microstructure have been developed and
deployed for many alloy systems. [14, 15, 16, 17] These models can be derived and applied to
alloys with average microstructural properties. The issue of microstructure description is
significant. Average microstructure properties can not be readily applied to other properties,
where variation in the distribution of the individual grain size and crystal orientation relative to
the applied stress direction and nearest neighbors primarily control the distribution of properties
and of great importance to designers, the minimum properties. The mechanical properties that
require this type of microstructural understanding (absolutely or statistically) are low-cycle
fatigue, high-cycle fatigue and dwell-fatigue, with the latter also requiring understanding of
environmental affects and interactions. There is considerable work on-going to develop
mechanistic fatigue models based on crystal-plasticity methods. [18, 19] These methods are
being deployed to production use for a range of application and microstructure control and other
component lifing applications [20].

The linking of these models to industrial applications requires the use of computational codes
that link manufacturing process simulation with these materials models to enable practical
simulation of evolving microstructure and mechanical properties. A range of commercial off the
shelf (COTS) software is now available to conduct materials and process simulations based on
the various models that describe the metallurgical phenomena. The fundamental models can be
utilized for a wide range of applications. [21] Other significant component properties, which are
material, component geometry and manufacturing path dependent, such as bulk residual stress,
are now being simulated and predicted to enable use throughout industry for process and
component design optimization.
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Review of Modeling and Simulation Applications to Alloy 718 and Derivatives

Alloy 718 and its derivatives have been utilized for a number of model development and
simulation tool demonstration efforts. These efforts have been conducted either for specific
model development and demonstration, or for necessitate specific Alloy 718 or derivative
material and component to be manufactured in an optimum manner. An assessment of the
modeling and simulation efforts applied specifically to Alloy 718 and its derivatives has been
conducted relative to specific metallurgical phenomena and processing methods.

Casting Simulation:

Models to predict the solidification of large industrial ingots have been developed by several
groups. An effort has been previously conducted to predict the eletroslag remelting and
solidification of large ingots of Alloy 718. [22] Within this modeling effort, process boundary
conditions were carefully characterized along with the thermo-physical properties of molten
Alloy 718. This model includes expressions for temperature and fluid flow, magnetic flux and
magnetic stirring effects and solidification. The developed model can support prediction of
defect formation including shrinkage porosity and chemical segregation. Models of this type are
being utilized to develop and control robust melting parameters for production ingots of Alloy
718 and other materials.

Solidification of alloys is often accompanied by microsegregation and interdendritic porosity. A
study of dendritic solidification of Alloy 718 has been performed in which mass transport of
hydrogen and nitrogen have been linked to the formation of local porosity. [23] This model can
be utilized to predict and subsequently control the formation of microporosity in this alloy.

Another effort focused on the prediction of porosity in cast equiaxed Alloy 718. [24]
Commercial codes were applied to casting development efforts. Difficulties in developing
accurate thermal models and appropriate validation efforts were reviewed.

Novel casting methods have been developed for the manufacture of superalloy materials
including Alloy 718. Spray forming has been studied by researchers with specific aim to predict
the resultant grain size from this process. [25] The coarsening of the gamma grains was found to
follow an Oswald ripening type expression as the material is built-up with droplets and layers of
semi-molten material.

d" — do" =Kt (1)

Where d is the average grain size after heat treatment time t, dy is the initial grain size, K is the
temperature dependent coarsening rate constant, and n is the coarsening exponent.

An integrated model consisted of four sub-models: (1) an atomization model; (2) a droplet spray
model; (3) a droplet deposition model; and (4) a porosity model has been developed and
validated against experiments of the spray formed Alloy 718. [26]  This complex model
incorporates the physics of several phenomena into a predictive tool that provides greater
understanding of spray forming processes.

Additive manufacturing processes are becoming critical for original manufacturing processes and
for repair efforts. An effort to model and simulate the Laser Direct Deposition process has been
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conducted. [27] Powder and heat flow models were developed and coupled to enable for
accurate prediction of melt pool size.

Forging Simulation:

For the simulation of forging processes, material and process boundary conditions are required.
Constitutive models for the flow behavior of Alloy 718 and its derivatives have been developed
and published by a number of researchers. Early investigations resulted in development and
application of empirical equations to describe the flow stress of Alloy 718. [28] The empirical
relationships based on isothermal upset testing was shown to successfully predict the load-time
histories during large-scale non-isothermal forging processes.

During the investigation of rotary forging of Alloy 718 disk components, a model for the flow
stress of Alloy 718 has been developed. [29] The flow properties were determined to follow the
form:

o = opl1 - exp(-C;)]"* — (o - o5) 2

I—exp|-In2| ¢ —Bep| ™ ,
ep

op= alléb1 exp| c1Q |, 3)

os= a6™ exp| Q |, “4)

C=a3$” exp c;Q |, (5)

[
\

ep=ase™ exp Q |, (6)
RT

~ S

where ¢ is the flow stress, op is the peak flow stress, o is the steady state flow stress, C is the
amount of dynamic recovery, €p is the peak strain, € is the strain, € is the strain rate, and T is the
temperature.

The material constants are determined to fit the data of reference 46 which are shown in Table 1.
The activation energy Q = 400kJ/mol, R is the gas constant, and coefficients m and 3 are 1.68

and 0.83 respectively.

Table 1. Material constants associated with equations 1-5. [29]

i 1 2 3 4

a 0.928 2.03 19.2 0.0046
b; 0.17 0.165 0.045 0.1238
Ci 0.125 0.106 0.0163 0.124
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A similar constitutive model for the flow behavior of Alloy 718 has been presented by other
researchers. [30] The materials constants for equations 2-6 have been reported to be the same,
and are listed in Table 2 along with constants utilized for expressions to predict strain to 50%
recrystallization, recrysallized grain size and grain size during grain growth.

Table 2. Material constants associated with equations 2-6. [30]

i 1 2 3 4 5 6

a; 0.928 2.03 19.2 0.029 1,300 1.58 x 10'°
bs 0.17 0.165 0.045 0.2 0.124

Ci 0.125 0.106 0.0163 0.058

The linking of location-specific microstructure effects and associated location-specific flow
stress behavior to macroscopic observed flow stress has been developed for Alloy 718.[31] In
this approach, the apparent flow stress is the weighted sum of the local stress stresses based on
volumetric contribution of the different local microstructures as follows;

— n
O = X000 + X| O1 + """+ Xn0p ), X;Gj (7
1=
where o is the apparent flow stress; x; and o; are the volume contributions and local flow stresses
of different microstructures, respectively.

As similar approach to the prediction of the flow stress during forging of Alloy 718 has been
presented by Zhang et.al. [32] Quantitative measurement of grain sizes, including sizes and
volume fractions of IN718 material were obtained on rapidly quenched samples. The
contribution to the flow stress of each population of grain size was used to predict the effective
material flow stress.

Efforts to link JMAK-type grain size models and FEM deformation models have been conducted
with an aim to establish control methods for optimum forging processes. [33] Within this effort,
control of processing parameters was established through linking the dynamic materials models
with an artificial neural-network (ANN). This approach was developed for Alloy 718 and
provides a potential means of establishing open-loop control methods aimed at stable flow and
optimum microstructure evolution.

In addition to fully understanding the behavior of the forging workpiece material, understanding
of the forging process and tooling is also critical. Efforts to establish accurate thermal models
for forging processes were conducted with controlled experiments. [34] This effort resulted in
establishing interface heat transfer coefficients between Alloy 718 and forging tooling. This
information is critical for other efforts aimed at accurate prediction of thermal history during
forging.

Material models have been linked with FEM models to simulate bulk deformation and
microstructure evolution in high strain-rate hammer forging of turbine engine disks. [35] These
efforts were extremely successful in predicting the evolution of microstructure basis dynamic
and meta-dynamic recrystallization, as well as grain growth resulting from adiabatic heating
during the high strain-rate manufacturing process.
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Welding and Joining Simulation:

Joining of Alloy 718 and its derivatives is very important for many applications. An energy-
based inertia welding model has been developed that has been shown to provide reasonable
temperature prediction capabilities. [36] Angular velocity was the parameter that was shown to
have the most influence on interface heat generation and could be used to optimize inertia weld
properties.

Grain Structure Evolution Modeling:

The grain structure of Alloy 718 and its derivatives has been modeled by a number of
researchers. Models to predict the evolution of the grain structure have been developed and
deployed primarily for deformation processes. Detailed studies on the evolution of
microstructure have been conducted using very controlled experimental techniques and
characterization methods. [37, 38]

Johnson, Mehl, Avrami and Kolomogorov-type (JMAK) models have been developed for both
Alloy 718 and Alloy 718Plus. There have been several groups that have develop IMAK-type
models for Alloy 718. An effort linked to the turbine engine blade forging microstructure
prediction and optimization effort has developed a series of models that were linked to process
simulation efforts.[39] The JMAK-type models have a general form as follows [39]:

Critical strain
ec=8.87 x 10* dy 2 7°%° when £ > 0.01 57! (8)
gc=9.57 x 10° dy 1% %197 when £ < 0.01 s™! 9)

Meta-dynamic recrystallization

1

Xmdayn = 1 —exp | -In2 t_} , (10)
tos

tos = 1.7 x 107 d>7 %% x exp (12000/T) (11)

dinayn = 8.28 d00.29 g 0-147-0.03 (12)

Dynamic recrystallization

Xan=1—-exp|-In2| e , where T < 1038C, € o5 = 0.037 do*Z"" (13)
€0
~ /
6 1.90)
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dayn = 1.301 x 10° 1% (15)

Grain growth
d®—d,’ =9.8 x 10" t exp(-437000/RT) (16)

Another version of the Avrami-type models was developed for Alloy 718. [31] The
recrystallized grain size in this study was predicted to have a strong linkage to strain rate and
temperature.

Studies of metadynamic recrystallization of Alloy 718 indicate that metadynamic
recrystallization can be predicted to result when the dislocation density after deformation is
above a critical value. [40]

The grain size model for Alloy 718 as determined by Yu and co-workers [29] is given by the
same expressions as listed in equations 7-15.

JMAK-type equations for Alloy 718 were also reported by Ma et. al. [30] These equations were
linked with DEFORM and utilized to predict the resultant microstructure in forged pressure
vessel domes.

Similar to Alloy 718, researchers have developed static and dynamic recrystallization models for
Alloy 718Plus using JMAK-type expressions. [41]  Different equations for this alloy were
reported depending on whether delta-phase was present. Additionally, grain growth for Alloy
718Plus has been shown to be limited below 975C.

An approach to track the dislocation density as a function of strain has been proposed and
utilized to predict the microstructure evolution in Alloy 718. [42] The relationship between the
increase in deformation strain de and the increase in dislocation density dn in this work is given
by:

dn = (6.6x10")de (17)

Additional efforts have been conducted to model the deformation of Alloy 718 with dislocation
density-based constitutive equations. [43] Avrami-type microstructure evolution models have
been developed and were shown to be successful in predicting resultant forged microstructures.

Work has been conducted to develop a model for the recrystallization of Alloy 718 while taking
precipitation of delta into account. [38, 44] This modeling approach is based on a number of
factors including delta phase fraction and particle size, meso-scale microstructural units (MSU),
grain density in the volume, grain diameter in the volume, free dislocation density, grain volume,
MSU volume, grain surface, grain boundary surface density, sub-boundary surface density, twin
boundary surface density, and density of dislocations stored in sub-boundaries. This model has
been used successfully to predict fraction recrystallized and recrystallized grain size. The
models incorporate a Zener pinning coefficient that is also dynamic with continued straining.

Other methods to predict the grain structure evolution in forged Alloy 718 have been developed.
An approach has been reported based on fuzzy mathematical methods linked to finite element
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methods for prediction of forging grain sizes. [45] This approach enable the coupled linkage of
deformation process and microstructural evolution which are inter-dependant.

An approach to develop deformation parameters which result in stable flow through efficiency in
power dissipation has been developed for Alloy 718 along with models for flow stress and
microstructure evolution. [46] The expression for grain size evolution in the meta-dynamic
recrystallization range was reported to be:

d=cé? exp(-Q/RT) (18)
(where ¢=5.98x10'°, p=0.028 and Q=240 kJ/mole)

Precipitation Modeling:

Precipitation heat treatment and control of precipitate phase type, quantity, location and
morphology are all critical to controlling final mechanical properties in Alloy 718.
Thermodynamic and kinetic models have been linked to enable prediction of the TTT diagram
for Alloy 718. [47] This model and computer-based simulation tool has been shown to be able
to predict the precipitation of gamma-prime, gamma-double prime and delta. The developed
model has the ability to take into account variations in heat-heat chemistry and local chemistry
variations.

Bulk Residual Stress Modeling:

Residual stresses that result from heat treatment quenching processes can be of significant issue
relative to subsequent machining operations and resultant distortions, and relative to component
life assessment. Internal residual stresses result from localized yielding during the quenching
process due to thermal stresses from non-uniform cooling. A number of programs have been
aimed at development of residual stress models for Alloy 718. One effort demonstrated the
capability of accurately predicting bulk residual stresses and validating through neutron
diffraction measurement techniques. [48] Residual stresses in the range of the yield strength
were developed in the demonstrated component.

In a similar effort, a full-scale Alloy 718 disk component was solution heat treated and
quenched, and assessed by through thickness neutron diffraction measurement to compare to
model predictions. [49] A fully coupled thermo-mechanical finite element model was
successful in predicting the bulk residual stresses in the full-scale disk component. Complexities
in disk geometry introduced complexities within the internal stress state making measurement
difficult, but readily possible if all stress types and orientation were taken into account. Residual
stresses in excess of the yield stress were present in the disk due to the presence of hydrostatic
stresses.

Mechanical Property Modeling:

Fatigue models of various forms have been developed for Alloy 718. An effort to develop a
model for Alloy 718 to support simulation of fatigue behavior has been conducted. [50] Both
kinematic hardening and Bodner-Partom models were used to predict the cyclic behavior of test
specimens. Bodner-Partom type model was successful in describing the form and magnitude of
the fatigue hysteresis loops. Linkages of these materials models to finite element models
enabled the prediction of crack opening stresses and crack growth rates.
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Similar efforts to predict the fatigue properties for an Alloy 718 disks showed that finite element
modeling is very useful in assessing location-specific (notch region, etc.) stresses and material
behavior.[51, 52] Like the prior examples of fatigue modeling, a empirical description of the
mechanical properties of Alloy 718 was used and was not microstructure sensitive.

Microstructure based fatigue models have been developed for Alloy 718. [53, 54] These efforts
indicate that fatigue crack nucleation is strongly related to slip length, grain orientation and
inclusion content. The formation of fatigue cracks are strongly associated with persistent slip
bands and the amount of cumulative local plastic strain.

Holistic Design Simulation:

The integration of a series of models to predict the evolution of microstructure and subsequently
mechanical properties is of great interest and importance for industrial applications. Specific
models for the evolution of microstructure and mechanical properties have been developed and
deployed for specific sectors of the overall manufacturing supply-chain. For designers to readily
utilize materials and process modeling predictive capabilities to assess and optimize component
designs, the entire manufacturing route that influences the final component location-specific
microstructure and mechanical properties must be simulated in an integrated manner.

A focused effort to link models for the manufacture of critical rotating structural components has
been previously conducted and reported on, which included linking of models for vacuum-
induction melting (VIM), vacuum-arc remelting (VAR), homogenization heat treatment,
cogging, forging, final heat treatment, and machining of Alloy 718. [55] Cellular automata grain
size models and models similar to the previously noted methods were applied. The effort was
successful in demonstrating the linkage of a series of models and carrying the microstructure
evolution through the major manufacturing processes that affect the final component properties
and capabilities. This is an example of how future integrated computational materials
engineering (ICME) efforts can be utilized to support component, material and process design
and optimization at the earliest stages of design.

Conclusions

Extensive development and application of computational modeling methods have been applied to
the processing and microstructure evolution of Alloy 718. Phenomenological and mechanistic
models have been developed and applied to full-scale components. The results of many of these
modeling efforts show good to excellent agreement with laboratory or full-scale material
demonstrations.

Less work has been conducted in the area of mechanical property modeling, which is a major
requirement for future application to component design activities. Work to link a series of
modeling tools together to enable simulation of a full-scale component and microstructure
through the entire manufacture sequence has been demonstrated.

There has been significant progress in the development of modeling and simulation tools for
deployment into engineering activities, but further work remains to develop industry-wide
standards for these engineering methods and to establish standard validation techniques to ensure
accurate and reliable predictions. Methods to effectively link engineering design tools with
materials and manufacturing models in an efficient and robust manner is also needed. Standard
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material property databases or methods to generate this data are needed for further industrial
deployment of various modeling and simulation tools.
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Appendix 1. Nomenclature for Equations

d = grain size

do = initial grain size

o = flow stress

R = gas constant

Q = activation energy

T = temperature

€ = strain

Z = Zener-Holoman parameter

Xmdyn = fraction metadynamic recrystallization
dmdyn = size of metadynamic recrystallized grains
Xdyn = fraction dynamic recrystallization

dayn = size of dynamic recrystallized grains
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