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1 Introduction

Traditional component design practice has largely been based on

Integrating Materials Model-
Based Definitions into Design,
Manufacturing, and Sustainment:
A Digital Twin Demonstration of
Incorporating Residual Stresses
in the Lifecycle Analysis of a
Turbine Disk

Model-based definitions (MBDs) aim to capture both geometric and non-geometric data in
digital product definitions using 3D computer-aided design (CAD) models, as a form of
product definition baseline, to disseminate product information across different stages of
the lifecycle. MBDs can potentially eliminate error-prone information exchange associated
with traditional paper-based drawings and improve the fidelity of component details, cap-
tured using 3D CAD models. A component’s behavior during its lifecycle stages influences
its downstream performance, and if included within the MBD of a part, could be used to
forecast performance upfront during the design and explore newer designs to enhance per-
formance. However, current CAD capabilities limit associating behavioral information with
the component’s shape definition. This paper presents a CAD-based tool to store and
retrieve metadata using point objects within a CAD model, creating linkages to spatial loca-
tions within the component. The tool is illustrated for storage and retrieval of bulk residual
stresses developed during the manufacturing of a turbine disk acquired from process mod-
eling and characterization. Further, variations in residual stress distribution owing to
process model uncertainties have been captured as separate instances of the disk’s CAD
models to represent part-to-part variability as an analogy to track individual serialized
components for digital twins. The propagation of varying residual stresses from these
CAD models within the damage tolerance analysis performed at critical locations in the
disk has been demonstrated. The combination of geometric and non-geometric data
inside the MBD, via storage of spatial and feature varying information, presents opportu-
nities to create digital twin(s) of actual component(s). [DOL: 10.1115/1.4048426]
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to their encountered environments, such as experienced thermome-
chanical deformation during the manufacturing process or applied

the geometry of the product being developed. Two-dimensional,
paper-based drawings have been used to represent the geometric
shape of an object (with different views as shown in Fig. 1(a))
with associated component design details for centuries. These draw-
ings have been used to exchange the design definitions through dif-
ferent stages in the product lifecycle, such as manufacturing, quality
inspection, and maintenance [2]. Typically, components are manu-
factured as specified by the geometric shape in the design, followed
by physical testing to qualify the components, in order to meet the
desired minimum performance per the design intent. This process of
physically producing and then qualifying components is associated
with multiple manufacturing trials that incur high costs and
increased development time [3]. Based on the underlying physical
structure and material composition, components respond differently
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loads during service. The evolution of the material structure
during the processing route developed during the lifecycle,
defined as the behavior [4] of the component, plays a crucial role
in determining its final performance capabilities. Inclusion of beha-
vioral information with the geometric shape in the design definition
has an opportunity to aid in forecasting the component’s perfor-
mance upfront in the design process, thereby reducing expensive
manufacturing trials and also enabling the exploration of a larger
parameter space for new designs to meet the performance require-
ments, due in part to its inclusion in the digital artifact rather than
in a separate location.

With the advancement in digital technology, predictive models of
the manufacturing process have been evolving to simulate func-
tional stages of the product lifecycle to determine the component
behavior. In parallel, the design function has shifted from paper-
based, 2D drawings to using 3D computer-aided design (CAD)
models to represent and communicate design definitions [5,6]. Uti-
lizing predictive models to simulate behavior and capturing these
definitions in 3D CAD models provides an opportunity to include
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Capturing Behavior & Contextual

Information in MBD

Model Based Definitio:
(MBD)

Enabling the “Digita
Twin”

Fig. 1 The overarching vision to transition toward a digital twin by capturing the behavior defi-
nition within the design context. The figure represents this transition in design definition from
(a) 2D paper drawing based to (b) CAD based to (c) MBD-CAD based to (d) Virtual Environment

based [1] to (e) Lifecycle based [1].

behavioral information in the earlier stages of design, and to locate
it securely in one location versus multiple disparate locations.
However, current CAD models (shown in Fig. 1()) are limited to
capturing the shape and geometric definitions (explicit definitions)
and have very limited capability to include implicit definitions,
such as the behavior developed as a result of the component’s struc-
ture. In order to utilize the behavioral information to forecast the
component’s performance, CAD models need a mechanism to
store and exchange these definitions, so as to function as a
medium of exchanging design details, and the ability to recall the
material performance definition in a useful form when needed in
the future.

The use of 3D CAD models to include detailed product defini-
tions, and replace 2D paper-based technical drawings, is also a
goal of the concept of model-based definition (MBD). The aim is
to use MBD-CAD models to communicate product definitions, in
order to improve the quality of the exchanged product information
and eliminate errors originating due to manual human intervention
and interpretation of product metadata; both of which can lead to
significant cost savings and acceleration of the design process
cycle [2,5,7]. With this motive, CAD models have been used as
an input to manufacturing processes, communicating the desired
component geometry and the tolerances applied to its features [8].
However, the purpose of using the model-based approach has
been expanding, beyond communication, for supplying the
driving inputs within the downstream manufacturing stages and
spanning across the entire product lifecycle [9—12]. With inclusion
of the behavioral information within CAD models (Fig. 1(c)), the
level and type of information captured and exchanged using
MBD techniques exceed those of a simple geometric model.

Further, the MBD can be expanded to include contextual infor-
mation, such as the operating environment details or the process
environment details, that induces the behavior, as shown in
Fig. 1(d). The contextual information from the MBD can provide
details to simulations creating a virtual product environment to
accurately replicate the behavior developed within the component
and the performance of the component during its use. In other
approaches to MBD, inclusion of behavior definition in the MBD
from different stages of the product lifecycle could mean that the
MBD would not be a single model, but would be a collection of
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models with behaviors that originate from the different lifecycle
stages. Such an integrated network of models, wherein the simu-
lated behavior definitions can be exchanged across the product life-
cycle, starts becoming the digital prototype of the designed
component or the as-designed digital twin, as shown in Fig. 1(e).
These as-designed twins, also known as product twin, can be
used to simulate the component to forecast the performance capabil-
ity during the design stage and prior to the production. The product
twin can enable designs, which are inclusive of behavior definitions,
to meet desired performance requirements [13,14]. In order to pro-
gress toward this vision, the current work focuses on closing the gap
of including behavior definitions within CAD models and enabling
their exchange, while integrating definitions between the models.

The concept of MBD can be applied to include manufacturing
process-induced residual stresses within design definitions of a
component, as they influence the component production process
and performance such as durability and damage tolerance [15].
Residual stresses influence the fabrication of a component, espe-
cially in a multi-stage manufacturing process. Components encoun-
ter thermomechanical loads during processes such as forging or heat
treatment, which induces permanent localized strain gradients.
These strain gradients manifest as residual stress distributions
within the component [16]. These stresses are classified as bulk resi-
dual stresses or Type I, when they equilibrate over the length scale
of the component dimensions. The residual stresses redistribute
after each stage during the manufacturing process and influence
the succeeding manufacturing steps [17]. Due to excessive residual
stresses, components can distort during the machining stages,
exceeding the geometric tolerances of specific features [18,19].
Incorporating residual stress distributions from process modeling
steps within the design definition can provide the residual stress dis-
tribution knowledge and enable optimizing the process parameters
to avoid part distortion and scrap for a fixed design of the compo-
nent. Process modeling tools, such as DEFORM [20], simulate
the manufacturing process steps to predict these bulk residual
stress distributions from each manufacturing step.

Post manufacturing, the residual stress distribution developed
within the component, influences its performance, especially the
fatigue life of the component [21,22]. For a crack or a flaw at a loca-
tion within the component, compressive residual stress fields inhibit
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crack growth and delays fatigue failure, whereas tensile residual
stress fields accelerate crack growth and debit the fatigue life.
However, residual stresses are not typically included in life-
time analyses, but by taking residual stresses into account during
the lifing process, more informed decisions can be made about the
inspection and maintenance schedules and can even result in life
extensions of the components. For instance, John et al. [23] have
observed an approximate twofold increase in lifetime based on a
damage-tolerant analysis by including the 30% retained compressive
residual stress from shot peening. McClung et al. have demonstrated
the integration of residual stress fields from DEFORM process
model with probabilistic damage-tolerant analyses, specifically
DARWIN (Design Assessment of Reliability with INspection), for
life prediction analysis at critical zone locations [24]. Including resi-
dual stress fields from models within design definition, and using
them in structural analysis and lifing models, requires a method to
store and exchange the spatially varying residual stresses in a form
that will persist when used within multiple software tools across
the lifecycle.

In order to effectively utilize residual stresses in the design
process and consume this information in the lifecycle analysis,
the associated uncertainties in quantifying the residual stresses
must be also be captured, as they influence the uncertainties in
the downstream life predictions. Process modeling simulations
have uncertainties in the predicted residual stresses originating
from the uncertainties in the process model input parameters [25].
Residual stresses, determined from characterization techniques
[26], have been used to validate process models. A recent study
[27], as a part of Metals Affordability Initiative Foundational Engi-
neering Program (MAI-FEP), illustrated validation of bulk residual
stress from process modeling predictions in a Nickel-based superal-
loy turbine disk using measurements from characterization techni-
ques. Using the validated process model, the overall goal of the
study was to optimize the disk geometry and processing parameters,
in order to obtain favorable residual stresses to meet performance
requirements. This would require capturing the variations in pre-
dicted residual stresses from process models within the design def-
inition and propagating the uncertainties to structural analysis and
lifing models.

With the overarching aim to develop a capability to include beha-
vioral information from product lifecycle stages within the design
definition, and store it in a form to allow propagation of this infor-
mation for downstream performance analysis, the current work pre-
sents a CAD-based tool to store and exchange metadata. The
mechanism used by the developed tool and its software framework
has been detailed in Sec. 2. This tool has been illustrated with a use
case to store the manufacturing-induced bulk residual stresses in a
Nickel-based superalloy turbine disk component, obtained from
(a) process modeling and (b) experimental characterization, from
datasets obtained via the MAI-FEP study (Sec. 3) [27]. Further,
residual stress distributions representing three cases of variations
from the nominal values, due to process model uncertainties or anal-
ogous to part-to-part variations, have been generated and stored in
three instances of the disk’s CAD models. The stored residual stress
fields with their associated variability have been exchanged using
the CAD models by utilizing the developed tool and incorporated
within damage-tolerant analyses (Sec. 4). Finally, the conclusions
are provided in Sec. 5.

2 Method and Implementation

In order to include behavioral information within a design model,
a CAD-based tool has been developed to store and retrieve metadata
using the CAD model. The detailed description of the tool and its
development has been presented in Ref. [28]. The functionality pro-
vided by the tool is to import externally stored metadata into the
CAD software’s environment, in order to store and retrieve the asso-
ciated metadata, such as behavior attributes, at spatial locations
within the model. To provide background and implementation
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details of the tool for the current study, the methodology and soft-
ware framework are described in this section.

2.1 Embedding Methodology. In order to associate metadata
with component feature locations, the tool has been developed to
create spatial points within the CAD model to store the metadata.
Points have been used to store data as they are fundamental geomet-
ric objects that can be used to create other geometric entities such as
lines, arcs, surfaces, and solids. This enables storing the metadata
with precision on fine topological features such as a vertex, on
the component edges, and surfaces or even within the bulk
volume. Within the CAD environment, each point object is
defined by its location coordinates (x,y,z). The tool has been devel-
oped to store metadata as name value pairs attached to these point
objects, which defines the attribute name and the value of the attri-
bute. Once stored, the location of each of the points within the geo-
metric space of the model acts as a spatial index for the associated
metadata. These point objects with the stored metadata values are
henceforth referred to as attribute markers in this paper. An attri-
bute marker can store multiple metadata attributes. For instance,
multiple behavior definitions that apply to a particular location
can be associated using a single point. This can be applied for
storing the components of tensorial quantity, such as residual stres-
ses. The data types that can be stored currently using the tool are
numbers and textual information. Attribute markers follow a
schema which is as follows: [(x position), (y position), (z position),
(Name of Attribute 1), (Value of Attribute 1), (Name of Attribute 2),
(Value of Attribute 2) ... (Name of Attribute n), (Value of Attribute
n)]. The attribute names are user defined and can comprise alphanu-
meric data with spaces, whereas the attribute values must be a
numeric value of floating-point data type. The tool has been devel-
oped to allow importing and storing datasets, which are structured
by nature, and by following this schema, they enable querying
and searching for data retrieval.

2.2 Software Framework. The embedding tool has been
developed as a plug-in for the CAD tool, executed by the user
while launching the CAD software (Fig. 2(a)). The integration of
the embedding tool with the CAD software has been performed
using the CAD tool’s Software Development Kit (SDK), which
allows making use of the command-structure functions specific to
the CAD tool. The only CAD-dependent functionalities used for
integration are the loading and unloading process of the plug-in,
while opening and closing the CAD software, respectively. Thus,
the embedding plug-in can be easily switched and used with a dif-
ferent CAD tool by using the CAD tool’s specific SDK’s function-
alities. The current implementation of the tool is shown for Siemens
NX 10.0 CAD tool. Once the tool is loaded within the CAD soft-
ware, the user can interact with the model to include external data-
sets by storing and retrieving the stored metadata directly from the
CAD model.

The workflow for the metadata storage process using the tool is
represented by the flow diagram shown in Fig. 2(b). The process
is initiated by the selection for a data storage option. The tool
allows two methods of importing metadata. For small sets of data,
attribute markers can be created manually by clicking the location
where the markers apply within the CAD model. On the other
hand, larger sets of metadata can be imported using the bulk data
import option. The bulk import method creates a collection of attri-
bute marker points or a point cloud, each with its associated meta-
data set. In order to utilize this method of storage, the imported data
must be structured following the attribute marker schema (described
in Sec. 2.1) in a comma space value (CSV) file. While creating the
CSV file and defining the spatial coordinates of the attribute
markers, if there are differences in the coordinate systems
between the CAD model and the external software/data sources
where the attribute marker datasets originate, a suitable correction
using translations and/or rotations must be applied manually to
ensure consistent storage of the spatial metadata within the
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Fig.2 A flowchart describing the CAD-based embedding tool’s software architecture,
including the (a) integration of the tool with the CAD software, (b) data storage process,

and (c) data retrieval process

component’s CAD model. During the import process, the CSV file
is imported from the database and the tool generates attribute
markers from the available datasets. In the current study, behavior
definition across the entire component geometry has been captured
using the bulk import mechanism.

The search and retrieval of stored metadata can be initiated using
the attribute marker entities via one of the following options: either
the attribute name or the attribute marker location. The metadata
retrieval workflow has been presented in Fig. 2(c). To search
based on attribute names, the embedding tool filters and extracts
all the spatial locations which have the particular attribute
defined, and to extract attribute values from a specific location
within the model, the tool executes a PYTHON script that searches
for an attribute marker using its location coordinates within the
CAD model, with the attribute markers being displayed using the
CAD tool. For locations within the model where there is no
stored metadata, the current implementation extracts and returns
the nearest attribute marker. The extraction capability of the tool
enables communicating the location-specific behavioral metadata
directly using the CAD model, which provides a significant

Experimental characterization | ,*
(hole-drilling and slitting)

sl Em o omm o owm sy

CAD

(Siemens NX)

advantage since many embedded attribute values are typically lost
or corrupted during data translation using neutral data formats.

3 Residual Stress Use Case

In order to illustrate how the developed tool enhances a CAD
model to store behavioral information and starts forming a model-
based definition, a use case has been implemented in the current
work for bulk residual stresses generated during the manufacturing
process of a turbine disk. The goal is to associate residual stress
fields to locations within the component’s CAD model and
exchange the stored residual stresses for damage tolerance analyses,
directly using the CAD model. For implementing the use case,
various tools/software(s), data sources, and codes have been utilized
along with the embedding tool. The flow of data between them is
shown in Fig. 3. Residual stress data have been acquired from
both experimental characterization, as well as from a process mod-
eling tool (DEFORM), both of which are stored within the CAD
model using the embedding tool. Additionally, in order to

Finite-element analysis
(ABAQUS)

i l

[ e —

Residual
stress data

Residual Embedding tool Fiservice
stress data (described in this paper) gtrsis data

In-service
stress data

Process modeling
(DEFORM)

Damage tolerance analysis
(MATLAB code)

Fig. 3 A schematic representing the flow of data between various tools/software(s),
codes, and other data sources for implementing the use case
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50 mm

Fig.4 Views of the turbine disk model, namely, the (a) trimetric view, (b) front view, and
(c) 2D axisymmetric view. The section view A-A shows the 2D axisymmetric view of the

turbine disk.

produce in-service stresses in the component for damage tolerance
analysis, a finite element (FE) analysis tool has been used to simu-
late the structural characteristics of the component. Herein, the
CAD model provides the component geometry for the analysis
and the resulting in-service stress fields are further stored within
the CAD model using the embedding tool. Finally, both the
stored residual stresses and in-service stresses are retrieved from
the CAD models via the embedding tool and utilized within a
damage tolerance analysis code. With the overarching aim of imple-
menting the use case, the following section describes the compo-
nent model creation, residual stress data acquisition techniques,
and data preparation for storing using the tool.

3.1 Turbine Disk Computer-Aided Design Model. The first
step was to create a design model using the CAD tool, representing
the geometric definition of the turbine disk. Figure 4(a) represents
the trimetric view of the turbine disk component model. A disk is
an axisymmetric component (in Fig. 4(c)), which is to say the geom-
etry is symmetric about the z-axis passing through the centroid of
the disk and shown as a 3D model in Fig. 4(b). This CAD model
represents the as-designed nominal disk geometry.

Hole Drilling — Result
»11 Distribution Parameters

17

Hole Drilling and Slitting
Measurements

Process modeling
Simulation Results

N

‘ 50 mm ‘

Fig. 5 Locations in the CAD model of the turbine disk, where
residual data are being stored, as represented on the 2D axisym-
metric view of the disk
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3.2 Residual Stress Data Acquisition and Import Dataset
Preparation. The residual stress data has been acquired using
experimental characterization techniques within the MAI-FEP
program [27], namely, hole-drilling and slitting, performed at
feature locations 1-11 and 2-3, respectively (as defined in
Fig. 5), within the disk. Process modeling, using DEFORM, has
been used to determine the full-field residual stresses across the
entire component. Further, cases of variations in the residual
stress distribution, arising due to uncertainties in the process mod-
eling [25], have also been generated. These residual stress datasets
have been structured following the attribute marker schema and
stored at locations (as displayed in Fig. 5) within the CAD model
of the disk.

3.2.1 Residual
Characterization

Stress Data  Acquisition:  Experimental

3.2.1.1 Hole-drilling. The first characterization method that
has been used to acquire residual stress data is hole-drilling. Hole-
drilling is a mechanical characterization technique used to deter-

mine the near-surface residual stresses as a function of depth. The
technique involves drilling of a hole in steps from the component

J90

INPUTS
* Process Parameters QOUTPUTS
= Residual Stresses
* Inclastic Strains

* Material Properties
« Final Nominal Geometry
Shape

Fig. 6 Residual stress data acquisition techniques: (a) sche-
matic of the hole-drilling experiment, (b) schematic of slitting
experiment, and (c) flow diagram representing the DEFORM
process modeling
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surface along the thickness direction, which leads to relaxation of
the residual stresses and deforming of the component accumulated
during initial manufacturing. A strain gage rosette is placed on the
surface, to measure the associated deformation at each step. The
schematic of the hole-drilling setup is shown in Fig. 6(a). The mea-
sured deformation is used to back calculate the in-plane residual
stress components, originally present, at the hole location from
the surface.

Hole-drilling measurements have been performed on a physical
turbine disk component at locations 1-11, as shown in Fig. 5, at posi-
tions around the disk’s axis at 15 deg, 105 deg, 195 deg, and 285 deg
to capture the variation in the measured residual stresses around the
3D component. In feature locations 1-5 and 11, distribution param-
eters of hoop (oyy), axial (,,), and shear (o,,) components of the resi-
dual stress have been obtained, whereas in locations 6-10, statistics
of radial (s,,), hoop (649), and shear (o,¢) stress components have
been obtained. This dataset has been organized, with distribution
parameters for each stress component as a scalar entry, as follows:
[x,y,z, Mean (Hoop Stress), Numeric value, Standard Deviation
(Hoop Stress), Numeric value, Mean (Axial Stress), Numeric
value, Standard Deviation (Axial Stress), Numeric value, Mean
(Shear Stress), Numeric value, Standard Deviation (Shear Stress),
Numeric value] at locations 1-5 and 11 and [x,y,z, Mean (Radial
Stress), Numeric value, Standard Deviation (Radial Stress),
Numeric value, Mean (Hoop Stress), Numeric value, Standard
Deviation (Hoop Stress), Numeric value, Mean (Shear Stress),
Numeric value, Standard Deviation (Shear Stress), Numeric value
] at locations 6-10 . Further, at locations 2 and 3 (Fig. 5), the mea-
sured axial residual stress component (o,;) is stored as a function
of distance from the surface. Following the schema, the dataset has
been created in a CSV file as follows: [x,y,z, Axial Stress (HOLE-
DRILLING), Numeric Value], wherein y=0 and z=constant for
each feature location with varying x position in the dataset.

3.2.1.2  Slitting. Slitting analyses has been used as the second
technique to generate residual stress data for the turbine disk com-
ponent. Similar to hole-drilling, slitting also uses a strain relaxation
approach to measure the associated deformation. Unlike drilling of

(a) L1 s

|
S |
(c) T L le
o = 1

—
-—

l—»z’:‘

—150

holes, slitting involves cutting of slits from the surface, in steps
along the thickness direction with a strain gage placed on the end
surface orthogonal to the slit to measure the associated deformation
(Fig. 6()). The measured deformation is used to back calculate the
originally present axial residual stress (o,;) component as a function
of slit depth. Slitting has been performed on the turbine disk, start-
ing at locations 2 and 3, as shown in Fig. 5. Following the schema,
the dataset has been created in a CSV file as follows: [x,y,z, Axial
Stress (SLITTING), Numeric Value], wherein y =0 and z = constant
for each feature location with varying x position in the dataset.

3.2.2 Residual Stress Data Acquisition: Process Modeling.
The manufacturing processing route of the turbine disk that includes
forging, heat treat, and machining operations has been simulated to
determine the induced residual stress distributions using DEFORM
[20], as part of the MAI-FEP [27]. The inputs to the simulation
include the initial billet geometry, process parameters, material
properties, and the final nominal geometry shape (Fig. 6(c)). The
analysis has been performed using axisymmetric quadrilateral ele-
ments. The mesh included 2756 elements with average mesh size
of 0.7 mm. For each of these elements, four residual stress compo-
nents, namely, the radial stress (o,,), hoop stress (ggg), axial stress
(0,), and shear stress (o,,), are generated. The element centroids
from the process model are used to create attribute markers, in
which the four residual stress components are stored. Since there
was no coordinate system mismatch between the CAD model and
the process model, the coordinates of elemental centroids can be
directly used to create the attribute markers. A MATLAB script has
been written to create the import dataset for the embedding tool
from the process modeling results file (DEFORM keyword file).
Following the schema, the attribute markers dataset in a CSV file
have been created as follows: [x,y,z, Radial Stress, Numeric
Value, Hoop Stress, Numeric Value, Axial Stress, Numeric Value,
Shear Stress, Numeric Value], wherein x,y,z are the elemental cen-
troid positions.

3.2.3  Residual Stress Data Acquisition: Process Modeling
Variations due to Model Uncertainty. In order to demonstrate

(b) 1 LI L2

‘ |

<< = I
(d) L1 L2
R |
- = l

I

Radial Residual Stress (g,.-) (MPa)
rr | JUNRRERERE

70

Fig. 7 Visualization of the predicted radial component (a;,) of residual stress datasets,
with variations arising due to process modeling uncertainties highlighted at locations
L1 and L2: (a) nominal residual stress distribution from DEFORM simulation defined
as Turbine Disk Model 1; (b, c, d) three cases of varying residual stress distributions
generated to represent process modeling variations termed as Turbine Disk Model 2,
Turbine Disk Model 3, and Turbine Disk Model 4, respectively
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potential part-to-part variations that can be forecasted in the
as-designed digital twins or tracked among individual components
of the as-built digital twins, variations in the residual stresses were
studied based on the reported uncertainties of the available dataset
[25]. Three cases of varying residual stress distributions have been
created, in addition to the available nominal residual stress distribu-
tion for this study, to represent cases of part-to-part variations. To
create these updated residual stress distributions, the nominal
radial stress values were initialized as predefined stress fields with
perturbations at locations L1 and L2 (as shown in Fig. 7(a))
within an ABAQUS finite element model, followed by a relaxation
step to redistribute and equilibrate the stress fields to generate
new residual stress distributions. All the surfaces of the 2D axisym-
metric disk model were constrained from displacing in the normal
direction, similar to a heat treatment process analysis. The choices
of percentage changes for the perturbation were made, such that
the change in the final radial residual stresses from the nominal
values, after running the analysis step, were within the radial
stress uncertainty bounds reported for a location between L1 and
L2 in Ref. [25]. The updated final radial residual stress percentage
changes for the three generated cases at location L1 were 87%,
—20.35%, and 67.26% and at location L2 were 159%, 109.09%,
and —172%. The contour plots of the original nominal radial resi-
dual stress distribution, and the three instances of distributions
arising due to model uncertainty (analogous to part to part varia-
tion), are represented in Fig. 7(a) and Figs. 7(b)-7(d), respectively.

4 Results and Discussion

4.1 Inclusion of Residual Stress Fields Within CAD Model
of Turbine Disk. The residual stress datasets, that have been
acquired and re-organized (Sec. 3.2) as per the attribute marker
schema (described in Sec. 2), have been imported and stored

() (ii)
3 a
N _[ (d)

within the CAD model of the turbine disk using the embedding
tool. The four cases of residual stress fields, representing
part-to-part variability, have been stored within four instances of
CAD models, as shown in Fig. 8(a)(i-iv) based on the nominal
turbine disk geometry, using the bulk data import method in the
developed tool. The detailed representation of the enhanced CAD
model of the disk with nominal residual stresses (Fig. 8(a)(i))
obtained from process modeling and characterization techniques
is shown in Fig. 8(b). The attribute markers are represented as
“+”, which is the default representation of a point object in the
CAD software used in this study. In the process of including the
residual stresses, the preprocessing steps involved (a) preparation
of the CSV import file with point object information and (b) import-
ing the data to create point objects within the CAD model, both
being computationally feasible and taking less than 2 min. After
storing the residual stress datasets, the native CAD model’s file
size increased moderately, from 166 kB to 742 kB, while still
remaining as a sufficiently small file size to promote data exchange.

Attribute markers have been created across the component
volume to store residual stress fields from process modeling for
all of the 2D axisymmetric components (radial stress (o,,), hoop
stress (0gg), axial stress (o,,), shear stress (o,,)) of the stress tensor
(shown in Fig. 8(c)), enabled by the capability of the framework
to store multiple attributes at a single location. This capability has
also been used to capture the variations in measured residual
stress components from hole-drilling at feature locations 1-11, by
creating attribute markers on the surface of the disk at these
feature locations. The use of point objects allows storing of meta-
data with fine precision. For instance, the measured gradient of
the axial stress component (o,,) near the surface at locations 2
and 3 have been captured by creating attribute markers at the hole-
drilling measurement locations. To store axial residual stress (o,,)
from slitting, 37 attribute markers have been created within
7.62 mm from the surface—one such marker shown in Fig. 8(d).

—

(iii) (iv)
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Fig. 8 (a) Four instances (cases) of the turbine disk CAD model stored with residual
stress definitions from: (i) Turbine Disk CAD Model 1 (nominal residual stresses from
the process modeling) and (ii), (iii), and (iv) Turbine Disk CAD Model 2—4, respectively
with residual stress data to represent part-to-part variations; (b) 2D axisymmetric
view of the 3D CAD model of the turbine disk with attribute markers storing the
nominal residual stress data; (c) example of an attribute marker with residual stress
data from process model, following the schema structure (attribute name followed by
attribute value, in pairs, storing multiple attributes); and (d) example of an attribute
marker with residual stress data from experimental characterization (Slitting), following
the schema structure (attribute name followed by attribute value, at a measurement

location)
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Fig.9 Finite element model of the in-service disk: (a) 2D axisym-
metric model geometry with quadrilateral mesh elements,
centrifugal load, and boundary conditions and (b) maximum prin-
cipal stress distribution generated in the disk, from in-service
rotation, marked with two selected high-stress zones for
damage-tolerant-based lifing analysis

To store the near-surface residual stresses from hole-drilling, 20
attribute markers have been created within a 0.9652 mm width
from the surface. The demonstrated ability to store experimentally
measured data, alongside the predicted model data, is necessary
for the verification, validation, and uncertainty quantification proce-
dures to build trust in the predictive models [29] and is needed to
certify the usage of individual components whose design relies on
modeling results. This demonstrated ability also becomes critically
important for changing business models across product portfolios
with increasingly long lifecycles, particularly as it relates to sour-
cing and provisioning maintenance and sustainment services.

4.2 Incorporation of Residual Stress Definitions in Fatigue
Life Analysis. The stored residual stress fields can be retrieved
from the CAD models using the presented tool and utilized, along
with the stresses generated within the disk during its service, for
damage-tolerant based fatigue life analysis. During service,
turbine disks encounter varying rotation speeds and are subjected
to fatigue loading. In order to obtain the in-service stresses gener-
ated in these disks, a FE simulation has been performed. The anal-
ysis has been performed for the maximum load case, while
assuming the minimum applied load to be zero, i.e., when the
disk is at rest (hence the fatigue stress ratio is R =0). The model
used for this analysis, with the loads, boundary conditions, and
the mesh are as shown in Fig. 9(a). The inner bore region of the
disk has been imposed with a displacement constraint in the
radial direction (&,,.= 0) and the upper surface has been constrained
in the axial direction (u,,=0) to simulate the constraints imparted
by the shaft on the disk. For this simulation, the only load that
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Fig. 10 Crack length versus number of cycles in the two critical
locations: (a) zone 1 and (b) zone 2, including the resulting varia-
bility in performance based on the part-to-part variation of the
residual stress fields

has been considered is the load applied due to spinning of the
disk. A centrifugal load has been applied on the disk with a spin
speed of @ =15,000 rpm [30]. The outer blade loads, and shrink
fit loads due to attaching the disk to the shaft, have been ignored.
Linear elastic, isotropic material properties of IN718, which are the
Young’s modulus E=170 GPa and Poisson’s ratlo v)=0.3 at
600 °C [30], as well as the density (p)=8220 kg/m’, have been
applied to the disk section. Linear quadrilateral elements have been
used to mesh the model with element size of 0.7 mm and 2765 ele-
ments, similar to process modeling simulation (Sec. 3.2.2).

The maximum principal stress (67,,4) distribution within the
disk, obtained from the FE analysis is as shown in Fig. 9(b). In
order to store these in-service stresses within the turbine disk
model, so as to extract and use them for life analysis, a new CAD
instance of the disk was created. From the analysis model, the loca-
tion coordinates of FE centroids have been computed using the
nodal coordinates. The elemental centroid locations along with
the maximum principal stresses at each of these elements form
the attribute markers to be imported and stored within the new
CAD model instance. In order to account for the difference in coor-
dinate systems between the FE model and the CAD model (as dis-
cussed in Sec. 2.2), a manual correction has been applied to the
position coordinates of the attribute markers using suitable rigid
body translations, prior to importing the dataset. Finally, by using
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the embedding tool, these attribute markers with oy,,, have been
imported and stored at these locations within the disk.

In order to perform fatigue life prediction analysis based on
damage-tolerant approach, two zones have been selected from the
high-stress regions within the disk (shown in Fig. 9(b)). The
maximum principal stresses in these zones are o6y, =986 MPa
in zone 1 and o6y,,,, =590 MPa in zone 2. In each of these zones,
a blunt tip crack with the shape of a U notch of initial length a;=
0.10 mm, that can be missed during crack inspection [31], has
been assumed to be present. The analysis has been formulated
such that the maximum principal tensile stresses will lead to
opening of the crack, following mode I crack growth. Since the
directions of 6y,,,, in these zones are along the radial direction
(ey), the crack is assumed to be growing along the axial direction
of the disk (e;), such that the tensile maximum principal stresses
at these zone locations act as the crack opening stresses. The esti-
mated life for this crack to grow to a critical final crack length a,
has been computed. The final length (ap) for each zone has been
determined as the length at which stress intensity factor (K;) [32]
reaches the fracture toughness (K;c) (Kjc = 85 MPa\/ m [30]). To
estimate the number of cycles (N for the initial crack length (a;)
to grow into a final crack length (ap), a formulation incorporating
both the residual stresses and the service stresses has been used [33].

The Paris law (Eq. (1)) provides the relationship during stage Il
crack growth, between the rate of crack propagation (da/dN) and
effective stress intensity factor (AK,g), which is the driving force
for the crack growth. C, n are Paris constants for IN718, with

values taken as 2.83 X 10‘17(Cy )/MPa«/ m and 3.213,

respectively, at R ~ 0 at elevated temperature [34]

da
N C(AK )" M
The Walker model [35] modifies the effective stress intensity
range (AK,p) in the Paris law (Eq. (1)) as shown in Eq. (2), to
account for the effects of changes in the R ratio on the crack
growth rate. Using this formulation, the effect of residual stress
has been incorporated in the stress ratio R (shown in Eq. (3)), by
linear superposition of the maximum principal applied stresses

(i.e., 6y min corresponding to the minimum applied load and 6y 4
corresponding to maximum applied load) with the residual stress
component (ogs) along the direction of the maximum principal
applied stress. Equation (3) is valid for R >0 and takes the value
of 0 for cases when R<O0. In the present analysis, 6,,;,, =0 and
O1.max 15 obtained from the FE analysis. m is the material dependent
Walker exponent (m=0.5) [36]

AKeﬁ‘ = mec(l - R)m (2)
R= Olmin + ORS 3)
Olmax + ORS

K. is the stress intensity factor corresponding to maximum
load, which has also been superimposed with residual stress as
shown in Eq. (4), wherein F(a/w) is the geometric correction
factor, w is the width of the section and « is the crack length

Knas = 1nan + or9)F () (r) @

F(alw) varies for the crack placed in each of the zones and is a
function of a and w. The width of the two sections in the zones ana-
lyzed are wy; =27.21 mm and are w, =5.89 mm, respectively. A FE
approach was used to obtain the geometric correction factor for the
turbine disk, for details please refer to Appendix. Using the critical
stress intensity factor, K;c, and appropriate geometric correction
factor, the final crack length has been calculated for each of the
Zones as dgzoner =0.6742 mm and asz,,. » =0.6832 mm.

By substituting Eqs. (2)—(4) in Eq. (1) and rearranging dN in
terms of da, we can obtain the expression to compute the life in
each zone for the crack to grow from the initial to final length by
integrating between a; to ay (as shown in Eq. (5))

1

No= '[ & da
T (COrmax + ors) T =R ], (#(

g)

For extracting oy, and ogs from the CAD models, the location-
based retrieval method of the developed tool has been used. The
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spatial coordinates of the geometric location ahead of the initial
(assumed) crack were searched in each of the two zone loca-
tions, from the CAD model with predicted in-service stresses
and the four CAD models containing residual stress fields, in
which the radial stress component (o,,) values were located. In
zone 1, the opg values obtained from the four turbine disk models
are  ogs =—113 MPa, ORs = —14 MPa, URS=—136 MPa, ORs =
—37 MPa, respectively. Whereas, in zone 2, the ogg values obtained
from the four turbine disk models are 6zg=22 MPa, ors=57 MPa,
Ors =46 MPa, ogs=—16 MPa, respectively. For the case of this sim-
plified analysis, the residual stress field did not evolve or redistribute
for the four CAD models, as the crack was propagating. Since the
turbine disk CAD models each have the same nominal geometry,
the coordinate systems are the same between the models. Hence,
the metadata from a particular location has been extracted without
any associated issues in mismatch between the coordinate systems.
After obtaining all the required stress fields, Eq. (5) is used to calculate
the predicted life for the crack to grow to a critical length in the pres-
ence of the predicted residual stress fields. The crack growth (a)
versus number of cycles (V) for the two zones are as shown in Fig. 10.

As shown in Figs. 10(a) and 10(b), the variations in residual
stresses from the process modeling efforts, analogous to part-to-part
variations, have resulted in variability or scatter in the estimated life
at the two zones of interest. The inclusion of predicted behavior def-
initions within the design definition, and its exchange using the
CAD models for forecasting component performance, has been
enabled by the developed tool. By doing so, the potential for a
network of models that define the component design behavior
under particular operating conditions exists, which would begin
to form the as-designed digital twin of the turbine disk by closing
the loop between design, manufacturing and use. After the disk
components are retired from application, the collection of digital
material behavior attributes embedded in the CAD models contrib-
ute as a source of knowledge for design, repair, or re-design activ-
ities. By comparing the performance of the as-built disks, the
variations can be evaluated for two purposes: (1) to inform the
decision-making during design and manufacturing of the newer
disk component and (2) to update and improve the accuracy of
existing predictive models used in the digital twin framework. By
analyzing a representative sample of disks according to similar tech-
niques, after they have been removed from use at end of life
(as-used), additional behavioral and contextual data can be gathered
to increase the accuracy and validity of the product’s model-based
definition.

The use case presented in this paper demonstrated the capability
of the developed tool to integrate behavior definitions into CAD
models during the design stage in order to enable the as-designed
digital twin. However, this capability of integrating models and
exchanging stored lifecycle definitions (as shown in Fig. 11),
from one model to another, can be incorporated to form the
as-built digital twins or virtual replica of a produced component
[37]. During the manufacturing of turbine disk components, geo-
metric variations are inevitable, originating from the manufacturing
process variability. The geometric variations in the manufactured
disks can be directly measured and modeled by creating varying
geometric instances of the CAD models, representing serialized
part numbers for each disk of the as-built geometry and the model-
based definition of the residual stress distributions (given the
geometric variation). By being able to associate material character-
izations to geometric definitions in specific places on the topology
of the model, the ability to track that connection through the life-
cycle becomes easier and less prone to error.

Using the procedure to evaluate the location-specific, damage-
tolerant fatigue life, in-service inspection schedules can be formu-
lated uniquely for each manufactured disk—governed by their
underlying residual stress distributions. For example, inspection
and maintenance intervals are typically planned and performed at
50% of the remaining predicted life [38]. Based on the knowledge
of the as-built geometry and corresponding model-based definition
of residual stress for this geometry, a reasonable interval for
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inspection and maintenance can be identified with a reduced level
of uncertainty for each serialized disk (Fig. 11). As shown in the
present use case, the embedding tool can enable this propagation
of process models (in this case residual stress analysis) to down-
stream performance analysis (e.g., damage tolerance analysis of
the fatigue lifetime). Hence, the CAD model serves to integrate dis-
parate information sets throughout the produce lifecycle and provides
amore robust information artifact than a CAD model that references a
paper-based specification through a company’s product data man-
agement or enterprise resource planning systems [39].

5 Conclusion

This paper presented a framework that expands the capability and
capacity of a model-based definition (MBD) to capture spatially
varying behavioral definitions in a complex object. By creating
this capability as a plug-in for the CAD software, the user can
store and retrieve metadata from spatial locations within the CAD
model, which allows the CAD model to serve as a vehicle to inte-
grate model-based data across the complete lifecycle. While the
current example of the framework has been illustrated to capture
manufacturing-induced bulk residual stress distributions using
process modeling and characterization techniques within the
design of a turbine disk component, this technique can be applied
to any component for which material behavior information is
known. However, with current CAD software technology, one
must use the CAD software’s SDK to access command-level func-
tionality in order to establish the structure for each parameter type.
The uncertainties in the predicted residual stress fields, also analo-
gous to part-to-part variation, are used to create four instances of the
CAD model to propagate downstream in life prediction analysis.
The key findings from this work are as follows:

(1) The work demonstrates the inclusion and exchange of life-
cycle data to be stored within the CAD model of a part,
which can reduce the likelihood of error caused by more
direct human interaction with the data. Less human interac-
tion by manipulating data values can also enhance the
quality of information (by including spatially varying beha-
vior). This framework creates new opportunities to utilize
component behavioral information to explore additional
parameters for performance-based design, potentially reduc-
ing the number of iterations during the design and production
planning process.

(2) A specific use case has been demonstrated using residual
stress data, predicted via process modeling and experimen-
tally characterized, and stored spatially within the CAD
model of a turbine disk. Part-to-part variations have been
captured based on the uncertainty in the residual stress
models and propagated to identify the subsequent variability
in the predicted fatigue life, via a damage tolerance analysis,
at specific locations within the turbine disk. Historically, this
type of information would have been captured in textual
form, often paper-based, with no direct ability to connect it
consistently to the geometry to which it was related. By
being able to capture this information digitally within the
model, the designer (and others) is able to maintain the con-
nectivity and provenance of information.

(3) The tool uses point objects as containers for storing behavior
information, which act as spatial attribute markers indexed
by its location coordinates. These indexed attribute markers
in the MBD-CAD models allow integration of data from dis-
parate models. Moreover, using the most basic form of geo-
metric entity within the CAD system reduces the potential
for data translation errors while exporting from the original
CAD software tool. This ability to interconnect model
definitions, enabled by the tool, is necessary to create a
digital twin framework where the datasets from the models
can be used for: (a) informing decision-making during
design, manufacturing, and sustainment activities of the
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next version of the component and (b) update and reduce the
uncertainty of existing predictive models used in the digital
twin framework.

(4) Creating a more robust, information-rich digital artifact
cannot be overstated. Historically, technical drawings,
reports, and specification documents had incredibly rich
information in them regarding component geometry and
material characteristics (among other information), and
CAD tools only held geometry and geometry-related meta-
data. The technique illuminated in this paper will more
readily enable industry’s transition to the use of model-based
definitions by making the CAD model artifact as rich in infor-
mation as drawings and other paper-based documentation.

Acknowledgment

The authors would like to thank Alex Miller and Ramon Alvarez
for their work in developing the CAD-based plug-in tool. Also, the
authors appreciate the residual stress dataset produced by the con-
sortium partners of the MAI-FEP bulk residual stress program,
under principal investigator, Dr. Vasisht Venkatesh (Pratt &
Whitney) and program manager, Dr. T.J. Turner (Air Force
Research Laboratory).

Funding Data

e MDS would like to acknowledge funding from the National
Science Foundation under CMMI 16-51956, and the
IN-MaC faculty fellow program, which supported this work.

Conflict of Interest

There are no conflicts of interest.

Data Availability Statement

The datasets generated and supporting the findings of this article
are obtainable from the corresponding author upon reasonable
request.

Nomenclature
a = crack length
m = Walker exponent
n = Paris’ law exponent
w = width of the section through which the crack

propagates
C = Paris’ law coefficient
R = fatigue stress ratio
a; = initial crack length
ar = final crack length
Kmax = stress intensity factor for maximum load
N; = number of fatigue life cycles for crack to grow from
da initial to final crack length
N fatigue crack growth rate

a . .
F (—) = geometric correction factor
w.

MAI-FEP = Metals Affordability Initiative—Foundational
Engineering Problem
SDK = Software Development Kit
2D = Two dimensional
3D = Three dimensional
AK5 = effective stress intensity range
O min = Maximum principal stress corresponding to minimum
service load
Or1.max = Mmaximum principal stress corresponding to
maximum service load
ogrs = residual stress component in the direction of applied
maximum principal stress
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Appendix: Determination of Geometric Correction
Factor Expression, F(a/w)

A finite element approach is used to determine the geometric cor-
rection factors that apply for cracks at locations 1 and 2 (shown in
Fig. 9(b)) of the disk. The process involves simulating the nominal
stresses without the presence of a crack in the model and simulating
the stress response with explicitly insertion of cracks at these model
locations. Simulations have been repeated with cracks of increasing
lengths at each zone location to obtain the stress fields ahead of the
crack in each simulation. The ratio of the maximum stress field
ahead of the crack tip versus the stress present in the simulations
without a crack (Sec. 4.2) forms the dataset for obtaining the geo-
metric correction factor as a function of crack length for each loca-
tion. A blunt tip crack with the shape of a U notch has been
explicitly modeled in each location, with the initial crack length
(a;) of length a =0.10 mm and constant width (w =0.5 mm). Mate-
rial properties applied to the crack section were £=10 Pa (several
magnitudes lower than the material property in disk section), v =
0.3 and a density p=0.599 kg/m3 (density of air at 600 °C).
Linear, quadrilateral mesh elements have been used for the analysis.
The mesh has been refined around the crack geometry and a mesh
sensitivity analysis was performed to identify the appropriate reso-
lution ahead of the crack tip. The simulations have been performed
using the same loads and boundary conditions as described in Sec.
4.2 for six different increasing crack sizes in each zone to obtain the
maximum principal stresses ahead of the crack tip. For each zone,
the datasets are fit using a second-order and third-order polynomials
to obtain the F (a/w) and F (a / w) respectively, as shown
in Egs. (6) and (7)

F(%) = —107.9(%)2 +37.9(%) +1 6)

F(%)md=134.2(%)3 —77.24(%)2 +25.33(%> w10

zone 1 zone 2°
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