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Abstract
The digital transformation of manufacturing requires digitalization, including automatic and efficient data exchange. Model-
based definitions (MBDs) capture digital product definitions, in order to eliminate error-prone information exchange associ-
ated with traditional paper-based drawings and to provide contextual information through additional metadata. The flow of 
MBDs extends throughout the product lifecycle (including the design, analysis, manufacturing, in service life, and retirement 
stages) and can be extended beyond the typical geometry and tolerance information within a computer-aided design. In this 
paper, the MBDs are extended to include materials information, via dynamic linkages. To this end, a model-based feature 
information network (MFIN) is created to provide a comprehensive framework that facilitates storing, updating, searching, 
and retrieving of relevant information across a product’s lifecycle. The use case of a damage tolerant analysis for a compres-
sor bladed-disk (blisk) is demonstrated, in Ti-6Al-4V blade(s) linear friction welded to the Ti-6Al-4V disk, creating well-
defined regions exhibiting grain refinement and high residuals stresses. By capturing the location-specific microstructure and 
residual stress values at the weld regions, this information is accessed within the MFIN and used for downstream damage 
tolerant analysis. The introduction of the MFIN framework facilitates access to dynamically evolving data for use within 
physics-based models (resulting in the opportunity to reduce uncertainty in subsequent prognosis analyses), thereby enabling 
a digital twin description of the component or system.

Keywords Digital twin · Location-specific · Prognosis · Process-structure–property-performance · Model-based definition · 
Digital thread · Product lifecycle

Introduction

The concept of the digital twin aims to create a digital repre-
sentation of a serializable component or system, which can 
be used to predict its future performance based on the cur-
rent available knowledge [1, 2]. To realize a digital twin rep-
resentation of a component requires: (1) state information, 

which is dynamically or periodically updated, (2) prognosis, 
which can come from a range of sources, including data 
driven models, analytical models, or physics-based simula-
tions [1–3], and (3) a representation of the object or system 
in a form in which it can be appropriately interpreted [3]. 
The state information is constantly evolving throughout the 
product lifecycle, from design, manufacture, in service use, 
to eventual retirement [4]. This paper presents a framework 
for data exchange, archival, and retrieval, as well as dynami-
cally updating pertinent information throughout the lifecycle 
of a component to realize the digital twin representation, 
which is demonstrated for prognosis of its service life.

Physics-based relationships incorporating the underly-
ing microstructure and micromechanical descriptors of the 
material can be used within prognosis efforts to reduce the 
uncertainties within life predictions [5]. Classical life pre-
diction methods involve regression fits through empirical 
test data. While the specimens used for these tests are, on 
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average, representative of the material within the compo-
nent, they are not specific to a serialized component or its 
geometry. The material is dictated by process to structure 
to property relationships [6]. The material’s microstruc-
ture is a result of the manufacturing history (processing 
route) and governs the properties [7]. Hence, by tracking 
the processing path and resulting microstructure, the ulti-
mate performance of the material at any instance within 
the component can be more systematically determined 
[7]. Therefore, an efficient methodology for storing and 
exchanging the material’s process-structure-properties 
information is required, in order to integrate these rela-
tionships and apply them towards the evaluation of the 
component’s structural performance.

A structured methodology for storing and updating mate-
rial information is desired to maintain associations between 
datasets and enable their seamless exchange across the life-
cycle. Digital material databases can be used to store and 
collate material lifecycle data, including manufacturing 
process parameters, microstructural descriptors, mechanical 
properties, simulated data, and in-service usage conditions 
[8–11]. Since these datasets could be created or evolve as 
the material’s lifecycle progresses, dynamically updating the 
information stored within the database is necessary to facili-
tate downstream engineering analysis. The current work pro-
vides an integration framework between the database(s) and 
the simulation tool(s) for data exchange through contextual 
linkages between the datasets and the geometric features of 
the component.

The contextual and behavioral information composed of 
the product lifecycle metadata can be associated with the 
component’s design geometry through the usage of model-
based definitions (MBDs) [12–14]. Classically, MBDs 
have been limited to exchanging geometric form, feature 
dimensional tolerance, and manufacturing process plan-
ning metadata [13, 14]. In the present paper, MBDs are 
expanded to include and exchange material information as 
shown in Fig. 1. Moreover, material information can vary 
spatially across the volume of the component (i.e., location-
specific material definitions) [7], which necessitates tools 
to associate the material definition to its geometric loca-
tion or features within the computer-aided design (CAD) 
models. To address this, past approaches have stored data 
within point clouds or reference points within CAD mod-
els [15, 16]. By extending this methodology, the current 
work presents a dynamically linked approach and proposes 
a framework, namely the model-based feature information 
network (MFIN), to connect material definitions to locations 
within the component’s geometry. As a way to demonstrate 
the utility of this method, a use case of location-specific 
microstructure and residual stresses from the manufactur-
ing process is used within a damage tolerance analysis for a 
compressor-bladed disk.

MFIN Framework Methodology

The broader objective of the Model-Based Feature Infor-
mation Network (MFIN) is to create a comprehensive 
digital twin framework that facilitates storing, indexing, 
updating, translating, searching, and retrieving relevant 
information across a product’s lifecycle. The framework 
has been created by expanding an existing model-based 
definition capability for storing and exchanging quality 
inspection data, provided by an ANSI standard, namely 
the Quality Information Framework (QIF) 2.1 [17]. Kwon 
et al. [18] presented a data integration approach, for cre-
ating relationships between quality inspection data from 
QIF and design data from ISO Standard Exchange Pro-
tocol (STEP) format [19]. In the current work, the data 
model provided by the QIF framework has been directly 
utilized to create data linkages between feature defini-
tions in a component, originating from its CAD model, to 
more broadly defined feature-specific metadata, including 
product lifecycle data originating from disparate sources 
during the design, manufacturing, and sustainment stages. 
The primary focus of this paper is to describe the MFIN 
framework and illustrate the implementation of the MFIN 
to enable storing and retrieval of material definitions and 
structural analysis information, with an emphasis on loca-
tion-specific material data. With the motive of introducing 
the implemented framework, the current section describes: 
(a) necessary background on the existing QIF framework 
and its data structure, followed by (b) expansion of the 
framework to develop linking mechanism between fea-
tures and externally stored material datasets and analysis 
information.

The premise for choosing QIF as the baseline for devel-
oping the MFIN is due to the advantages offered by the 

Fig. 1  Expanding model-based definitions by integrating material 
definitions across the product lifecycle, in order to facilitate the reali-
zation of a component’s digital twin
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framework to define feature-specific information. QIF is 
a data model in the form of a neutral file format, namely 
extensible markup language (XML) (herein saved as a 
“.qif” file), which is obtained by converting the model 
definition of a component in a CAD model to an equivalent 
definition in XML. In the current demonstration, Siemens 
NX 11.0 CAD tool [20] is used, while the framework is 
general to integrate any commercial CAD tool. The trans-
lation of CAD to QIF is performed using a tool, namely 
MBDVidia [21], which converts the geometry, geometric 
features, geometric tolerances, and metadata associated to 
these features (including manufacturing information (PMI) 
[17]) to the XML definitions. Being a neutral file format, 
which is both human and machine readable, the QIF file 
can be used as an input for providing both the component 
geometry and associated metadata to several applications 
and systems. The data structure and mechanism used by 
QIF to leverage storing, indexing, and retrieving feature-
specific information has been utilized to expand the frame-
work to develop the MFIN—in order to include additional 
product lifecycle data. Lastly, the QIF data model is sup-
ported by the International Organization for Standardi-
zation (ISO 23,952:2020) as a recognized standard for 
authoring, storing, and exchanging information [22].

Within the QIF file, the structure and organization of the 
data elements and their associated datatypes are defined by 
its XML schema documents (XSD documents) [17], similar 
to other standard XML documents. The data within the QIF 
file are governed by two categories of schemas, namely QIF 
libraries and QIF applications. The QIF libraries schema 
contain structure of the data elements to define the product’s 
geometry (e.g., points, curves, surfaces, etc.), topology (e.g., 
vertices, edges, faces, etc.), as well as the features which are 
defined using the geometry (e.g., hole, pocket, thread, fillet, 
etc.). Whereas, the QIF applications schema is intended to 
describe the structure of the data elements for the product 
lifecycle metadata, which currently include schemas only for 
capturing inspection and measurement datasets. For extend-
ing the framework to include additional product lifecycle 
metadata and creating the MFIN, the existing QIF applica-
tions schema were appended with new schemas to define 
the structure of the data elements, which are collectively 
referred to as MFIN application schemas in this paper. All 
the XML data elements, which are generated following the 
QIF libraries schema and MFIN applications schema are 
grouped together within a top level element, namely, the 
QIFDocument [17], which creates a single QIF XML docu-
ment (from here on referred to as MFIN XML).

In order to create logical relationships between the prod-
uct lifecycle metadata and the associated features within 
the MFIN XML, a mechanism used by the existing QIF 
framework is to index data elements with unique identi-
fiers. Firstly, in order to enable serialization and tracking 

of the datasets applicable to each individual component, 
the schema defines a unique identifier to its correspond-
ing MFIN XML document. These identifiers are generated 
during the creation of MFIN XML as Universally Unique 
Identifiers (UUID) objects made of 128-bit numbers that 
follows the RFC 4122 standard [23]. An example of UUID 
is "25244977-74f1-4ba8-adea-2f7ef0367888". Secondly, 
every data element within each MFIN XML is indexed with 
a local identifier using a positive integer that take values 
incrementally as new data elements are added. These local 
identifiers can be used for cross referencing a data element 
within other data elements. Following this approach, each 
feature receives a local identifier used for referencing the 
specific feature within a product lifecycle metadata element, 
in order to establish a relationship between the metadata 
and the feature. Finally, the collection of local identifiers of 
all the metadata elements, with reference to a specific fea-
ture, form a network of lifecycle data mapped to all possible 
features, which can be used for tracking and extracting the 
feature-specific datasets.

While creating new MFIN application schemas to 
include new metadata, an important factor to be considered 
is whether the datasets are to be stored directly within the 
MFIN or stored externally in databases, local hard drives, or 
network drives. The associations between externally stored 
datasets and features within the MFIN XML have been cre-
ated using a data linking mechanism. The choice of stor-
ing datasets externally and creating linkages to the MFIN 
as opposed to storing datasets directly within the MFIN 
has been made due to the following advantages. Firstly, it 
enables a dynamic capability wherein the externally stored 
data can be updated, and the revised data can be tracked 
and retrieved at any given point of time. Secondly the volu-
minous data across the lifecycle can lead to an oversized 
single file, while storing directly, which can be avoided by 
linking data and creating a smaller-sized MFIN file that 
is easier to share and exchange. Within the overall MFIN 
framework, provision for different definitions of a linkage 
has been accommodated, such as using a web hyperlink for 
cloud storage, file path of the files stored in local hard drives 
or network drives, or data identifiers specific to a database 
utilized for storing the datasets. For the current implemen-
tation, materials information is stored in material database 
software, and information pertinent to structural analysis is 
stored on a local hard drive. Correspondingly, two new sche-
mas have been created, namely (1) MFINMaterialDefinition.
xsd and (2) MFINAnalysis.xsd, to facilitate the necessary 
data linkages.

1. The MFINMaterialDefinition.xsd schema defines the 
data structure based on the methodology for organiza-
tion of datasets that prevails in the material database 
tools. A common structure within material database 
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tools were the use of Graphical User Interface IDs 
(GUIDs) to reference individual material records and 
“Attribute IDs” to reference individual material datasets 
within each record. Hence, the MFINMaterialDefinition 
schema has been defined to create material definition 
linkages by grouping the material GUIDs and Attribute 
IDs with the corresponding local identifiers of features 
within the MFIN. This linking strategy enables using 
the flexibility of storing material datasets of different 
datatypes such as tabular, functional form, images or raw 
data files within the materials database. Furthermore, 
the data linkages are independent of the schema or the 
structure in which the datasets are organized and stored, 
since they are only dependent on the data identifiers. A 
common structure or schema is preferable to record and 
pass the material datasets without ambiguity, especially 
across supply chains. For instance, in the case of multi-
ple material vendors, the material datasets and pedigree 
information can be stored following a common structure 
to ensure seamless tracking and reviewing of datasets. 
User-defined schemas can be created to structure and 
store datasets in the material databases, and these data-
sets can be seamlessly exchanged across the lifecycle via 
the data linkages enabled by the MFIN. Additionally, the 
access restrictions typically applicable to material data-
sets can be controlled by the access control filters in the 
materials database tool, while the MFIN only provides 
the paths to the data. The new schema has a provision 
for including metadata related to access control restric-
tions, user details, date, and time of linkage creation for 
tracking purposes.

2. The MFINAnalysis schema defines a new MFINAnaly-
sis element, which is created within the MFIN XML, for 
each performed analysis. In each of these data elements, 
the sub-elements primarily include the linkages for the 
analysis input file and the overall results file, which are 
stored either in the local hard drive (a link defined by 
the file path) or within the materials database (a link 
using a material GUID and the corresponding attrib-
ute ID). Being a data linkage, these files can be of any 
format either depending on the analysis software being 
used or customized result files generated by the user. 
Furthermore, within the schema, metadata elements cap-
turing the type, date, and time of the analysis have been 
included.

In order to create new data linkages in MFIN XML, as 
well as retrieving information using the existing linkages, 
application program interfaces (APIs) or MFIN APIs have 
been created for enabling programming against the devel-
oped schemas. The current framework uses Python scripts to 
link to the developed APIs, thus the framework is software 
tool agnostic and can work with a multitude of commercial 

softwares. For every data element within the schemas, an 
API has been generated in the form of a Python class, using 
an automated process of generating source code binding 
[24]. Using the MFIN APIs, wrapper code(s) were devel-
oped for creating new linkages and retrieving datasets using 
existing linkages, which have been used for integrating the 
MFIN framework with materials database tool and structural 
analysis tool [25].

Integration of Materials Information and Structural 
Analysis within MFIN

The integration of materials databases within the MFIN 
framework was implemented and tested with two materials 
database tools, namely Granta MI [26] and MSC Material-
Center [27]. Both of these databases have their own APIs 
to enable programmatic storing and retrieval of materials 
datasets. For the current demonstration, Granta’s materials 
database is used. A wrapper code has been developed using 
Granta’s APIs to generate a user interface, which facilitates 
browsing the database and selection of the material defini-
tions, in order to create material definition linkages (i.e., the 
material record GUID and the Attribute IDs) to exchange via 
the MFIN APIs within the MFIN XML.

Material definitions apply to the bulk of the component, 
hence requiring the creation of linkages to volumetric fea-
tures within the MFIN. The currently available volumetric 
feature definitions comprise typical geometries originating 
from the CAD tools, which are defined using its bounding 
surface entities (e.g., a cube is defined using its bound-
ing faces made of edges and vertices). However, since the 
material definitions could potentially vary spatially across 
the volume of a component, a new mechanism to define 
these features has been adopted within the MFIN frame-
work. The approach uses datum points to define these fea-
tures, since points (1) are the most fundamental objects in 
3D modeling and (2) enable defining individual locations 
within the volume for defining location-specific properties. 
The MFIN schema defines the PointClouds to generate the 
datum points, which do not necessarily get used for defin-
ing the geometry but can be used for the material definition 
associated with each point. In order to programmatically 
create the point features, a code has been created using the 
MFIN APIs, which accepts input point datasets (i.e., its spa-
tial coordinates, X, Y, Z). These point datasets are supplied 
using a text file or a comma-space valued (CSV) file to the 
program. Hence, the process of creating material definition 
linkages to the spatial locations within the component is a 
semi-automated process, such that the material datasets for 
the selected spatial points are identified using the previously 
described wrapper code to browse and select the material 
definitions from the materials database. As opposed to gen-
erating the point clouds programmatically while creating 
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data linkages, alternatively, the creation of datum points can 
also be accomplished with the original CAD model, which 
are translated while generating the MFIN XML.

The integration of the MFIN framework with finite-ele-
ment (FE) analysis tools enables the exchange, storage, and 
retrieval of structural analysis results based on the compo-
nent geometry and material definitions within the MFIN. 
The overall software architecture for this data integration 
is shown in Fig. 2. The integration of structural analysis 
within the MFIN framework was implemented and tested 
with two FE tools, namely MSC Patran/Nastran [28, 29] 
and Dassault’s ABAQUS [30]. The APIs specific to the FE 
tools have been used to complete the implementation and 
ensure the importing/exporting functionalities of data. For 
the current demonstration, Dassault’s ABAQUS is shown.

The analysis model generation process has been devel-
oped as a semi-automated process, to retrieve the component 
geometry and material definitions from the MFIN XML (as 
shown in Fig. 2a). The process is initiated from the FE anal-
ysis tool, using a user input form that requires two inputs, 
namely (a) the location of the MFIN XML file and (b) the 
MFIN UUID. First, the model geometry is retrieved from the 
MFIN for importing within the FE tool. Due to the current 
limitations with the FE tool to directly import the model 
geometry using a QIF file format, an alternative neutral file 
format, namely ISO STEP AP 214 [31], has been used. The 
STEP file is generated by translating the native CAD file, 
which has been done using the in-built STEP translators in 

Siemens NX 11.0 CAD tool and linked to the MFIN XML 
via the file’s location. Next, the materials definition linkages 
within the MFIN are utilized to dynamically retrieve the 
materials data from the database in a CSV file format. For 
each materials data file that gets generated, the correspond-
ing feature information (including point features) is retrieved 
from the MFIN for use within the structural analysis tool. 
Both the features and the material data file paths are grouped 
and stored in a feature correlation file, which informs the 
relationship between the spatial position and the material 
datasets within the imported STEP geometry.

After importing the model geometry and material data 
files within the FE tool, the analysis model is manually 
meshed, loads and boundary conditions are applied, follow-
ing which an input model definition file (INP file) is gen-
erated. For incorporating location-specific material defi-
nitions in the analysis, firstly, the point cloud features are 
programmatically extracted from the feature correlation file 
and overlaid on the analysis model mesh (shown in the step 
in Fig. 2b). The imported analysis geometry, from STEP 
file, might have a shifted reference coordinate system from 
the coordinate system in the MFIN, which would require 
corresponding corrections to the positions of the point fea-
tures prior to overlaying. Afterwards, the mesh elements are 
mapped to the nearest point feature from its centroid posi-
tion, thereby picking and applying the material data linked 
to the corresponding point feature in semi-automated fash-
ion. Based on the analysis requirements, a customized script 

Fig. 2  Software architecture 
for integration of the MFIN 
with a FE analysis tool, with 
programmatic steps to a import 
analysis model geometry and 
material data within the FE 
tool, b overlay point features 
on the analysis model mesh, c 
extract and incorporate material 
data linked to the point features 
within a user-defined material 
model, d exporting analysis 
input and results files from the 
FE tool, and e generate feature-
specific results
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is to be used (shown in the step in Fig. 2c), to utilize the 
location-specific material data within the material model. 
Since the retrieval and utilization of materials information 
within the analysis is programmatically executed via the 
MFIN point clouds with minimal human involvement, the 
MFIN enhances the analysis process by reducing chances for 
human in the loop errors, as well as significantly decreasing 
the time for generation of an analysis model.

At the end of an analysis, the input file (INP file) and the 
overall results file (ODB file) are exported from the FE tool 
(as shown in the step in Fig. 2d) and archived by creating 
new linkages within the MFIN, following the MFINAnalysis 
schema. Additionally, if feature-specific result files and plots 
are extracted using the overall results file (shown in Fig. 2e), 
linkages are generated to the corresponding features within 
MFIN XML. Once the linkages for analysis information are 
created within the MFIN, these datasets can be retrieved and 
used for lifecycle analysis, as illustrated with a use case in 
the next section.

Use Case: Analysis of a Ti‑6Al‑4V Compressor Blisk

A linear friction welded (LFW) [32] bladed-disk component, 
also referred to as blisk, is demonstrated as a use case for 
the MFIN framework to include spatially varying material 
definitions for incorporating within damage tolerant analy-
sis. The intent is to emphasize that the presented methodol-
ogy for including and exchanging location-specific material 
information can be utilized to provide material state infor-
mation across a component to inform life predictions. For 
the present use case, a Ti-6Al-4V blisk is used based on its 
geometric complexity and location-specific material state 
near the weld. The LFW process results in steep thermal 
gradients across the weld region, leading to the generation 
of spatially varying microstructures and residual stresses 
across the weld region [32–35]. While the present work is 
a demonstration of the MFIN applicability, the material’s 
data are obtained from past studies published in the literature 
[35–37]. Using the MFIN framework, the microstructural 
information and residual stresses are spatially linked within 
the component’s geometric model for subsequent damage 
tolerance analysis. One of the fundamental tenets of the 
digital twin is that by including this updated material state 
definitions, the resulting uncertainty in the subsequent lif-
ing analysis can be reduced. Accordingly, a comparison has 
been performed to demonstrate the variations generated in 
the resulting fatigue life with and without using location-
specific material definitions. It is important to note that 
there are two viewpoints for defining the digital twin. One 
viewpoint suggests the requirement of a physical asset as a 
necessary ingredient prior to creating a digital twin, whereas 
the other viewpoint suggests that a digital twin or a digital 
prototype can be created before the physical production of 

a component or a system [3]. Other than this primary dif-
ference, both viewpoints share potential applications and 
benefits of the digital twin, which includes the usage of 
information at various stages throughout the life cycle and 
the fusion of modeling and simulation with physical test-
ing and measurements. In this work, we did not necessarily 
want to exclude either definition, as our primary intent is to 
describe and illustrate the MFIN framework. For the pre-
sent use case, we have illustrated the digital twin from an 
as-designed stage. Hence, the microstructural and residual 
stress state information have been included in the nominal 
part definition of the component. Additionally, the MFIN 
framework can be used to create digital twins after the pro-
duction of the component, by following a similar approach 
including state information from the post-production stages.

First, a blisk component with 48 blades was created as a 
CAD model, with approximate geometric dimensions simi-
lar to [38]. Since the blisk sections are axisymmetric about 
the z axis, 1/48th of the blisk was modeled, as shown in 
Fig. 3a–c. For the axisymmetric portion of the component, 
three features were defined: the disk, weld region, and blade 
as shown in Fig. 3c. The disk section was modeled as a 2D 
sketch in x–z plane as shown in Fig. 3d,which was revolved 
by 7.5° about the z direction. The weld region and the blade 
region were modeled as shown in Fig. 3e, f, respectively. 
Within the weld region, a datum reference frame X–Y-Z has 
been defined, which is used for defining location-specific 
material definitions. The origin of this new reference frame 
is situated at the center of the weld region, with the X axis 
orthogonal to the weld interface (Fig. 3e). The CAD file was 
converted into derivative QIF (i.e., the MFIN XML) and 
STEP file formats.

A customized material record of Ti-6Al-4V was created 
within the Granta MI database and comprised of physical, 
elastic, and mechanical properties of the material, as well as 
spatially varying information across the component, which 
include residual stress field and the average grain size of 
the material relative to the LFW (based on characterization 
data reported in [35]). After optimal parameters were deter-
mined for linear friction welding of Ti-6Al-4V to Ti-6Al-4V 
plates [35], the average grain sizes (davg) for the globular 
�-phase was characterized at 7 locations across the weld 
region [35], as shown in Fig. 4a, c. The average grain sizes, 
davg , of the microstructure were 1.65�m at the weld interface 
and 9.62�m, 8.90�m, 11.06�m , respectively, moving away 
from both sides of the weld center in a symmetric fashion 
[35], and these values were archived in the database. For the 
disk and the blade regions, a uniform davg value of 11.06�m 
has been defined. Finally, the residual strain distributions 
characterized in [35] were used to create the residual stress 
components ( �xx( X) , �yy(X) , �zz(X) , in which the details 
are described in “Appendix” 1), as a function of the distance 
from the weld interface (X axis), as shown in (Fig. 4b).
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Fig. 3  CAD model of the blisk component with different views, namely the a top view, b front view, c trimetric view along with 1/48th axisym-
metric sector marked with the three features in the blisk, namely, d the disk region, e the weld region, and f the blade region

Fig. 4  Spatially varying mate-
rial definitions stored within 
the materials database and 
linked to the weld region in the 
MFIN using point features: a 
weld region with 7 locations 
linked to the average grain size 
information, b residual stress 
components ( �

xx
 , �

yy
 , �

zz
 ) as 

a function of locations across 
the weld region in X direc-
tion, (values for the 7 locations 
shown here with markers), and 
c corresponding microstructure 
images (shown here for 5 of 
these locations)
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By including the process induced residual stresses and 
microstructural information, more precise damage tolerant 
assessment of components can be determined [39, 40]. First, 
the in-service stresses in the blisk were obtained using a struc-
tural analysis via the FE method, in which the average grain 
size information of the Ti-6Al-4V material is used to inform 
the constitutive response of the material. A simple elastoplastic 
material model has been chosen based on the Johnson–Cook 
[41] type hardening rule as shown in Eq. (1), wherein the flow 
stress ( � ) is a function of the equivalent plastic strain ( � ) and 
temperature ( T ). The parameters A , B , n , m , Troom , and  Tmelt 
correspond to the yield stress, strain hardening coefficient, 
strain hardening exponent, temperature exponent, room tem-
perature, and melting temperature, respectively, whose values 
used for Ti-6Al-4V [36, 37] are shown in Table 1.

The grain size dependency has been incorporated in 
Eq. (1), wherein the yield stress ( A ) follows a Hall–Petch 

(1)� =
(

A + B�
n)
[

1 −

(

T − Troom

Tmelt − Troom

)m]

[42, 43] relationship as shown in Eq. (2). The friction stress 
( AHP ) and the Hall–Petch strengthening coefficient ( KHP ) 
values for Ti-6Al-4V [36] are shown in Table 1.

Two FE models have been created: (Model 1) consider-
ing a constant average grain size for the entire blisk of 11.06 
�m and (Model 2) incorporating location-specific grain size 
information across the weld region. The variations in the 
average grain size and the corresponding yield stress (A) 
(computed using Eq. (2) across the weld region, for the 
two models, are shown in Fig. 5a. Herein, the A values are 
computed dynamically by extracting the davg values from 
the database using the MFIN linkages while creating the 
analysis model.

The compressor blisk was simulated from its rest condi-
tion to an overspeed condition above its typical maximum 
rotational speed [44] during service for the present demon-
stration. To acquire the maximum loads, a static analysis 
has been performed on an axisymmetric sector of the blisk 

(2)A = AHP + KHPd
−

1

2

avg

Table 1  Material properties of 
Ti-6Al-4V at room temperature 
( T

room
 = 298 K) stored within 

materials database and linked 
to MFIN XML of the blisk 
component

Material definition attributes Attribute values

Density (ρ)
(

kg∕m3
)

 [36] 4420
Young’s modulus (E)(GPa) [36] 114
Poisson’s ratio (ν) [36] 0.33
Friction stress or resistance (AHP)(MPa) [36] 783.14
Hall–Petch strengthening coefficient 

(

KHP

)(

MPa.�m1∕2
)

 [36] 503.34
Strain hardening coefficient (B)(MPa) [36] 563.1
Strain hardening exponent (n) [36] 0.45
Temperature exponent (m) [36] 0.7
Melting temperature ( Tmelt)(°C) [36] 1668

Paris’ law coefficient (C) 

��

mm

cycle

�

∕MPa
√

mm
�

 [37]
3.98 × 10−17

Paris’ law exponent (n) [37] 6.88

Walker exponent (m) [37] 0.57

Fig. 5  Material definitions, 
applied loading, and boundary 
conditions for the finite-element 
analysis model: a for Models 
1 and 2, the average grain size 
( d

avg
 ) and the corresponding 

Johnson–Cook model’s yield 
stress (A) parameter defined at 
different locations across the 
weld region and b axisymmetric 
model of blisk with centrifu-
gal load about the z axis and 
fixed displacement boundary 
conditions defined on the disk 
region’s inner surface labeled 
as S
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(1/48th of the blisk), as shown in Fig. 5b. A centrifugal load 
has been applied on the blisk about the z axis, with a spin 
speed of � = 15, 500rpm at room temperature (Fig. 5b). 
The shrink fit loads, due to the interference fit between the 
shaft and the blisk, have been ignored in the current analy-
sis. For the boundary conditions, a displacement constraint 
has been applied on the inner surface S of the bore, in all 
the three directions ( ux = uy = uz = 0 ) (Fig. 5b). Firstly, 
due to the complexity in the blisk geometry, especially in 
the weld region (which is also of primary interest in this 
study), a mesh constituting quadratic tetrahedral elements 
has been used for this region (the use of quadratic elements 
also provides higher resolution due to additional integration 
points as compared to linear elements). Further, to ensure a 
conformal mesh near the interfaces between disk and weld 
as well as weld and the blade region (i.e., to avoid distorted 
tetrahedral elements in the disk and blade region near their 
interfaces with weld region), linear hexahedral elements 
were defined throughout for the disk and the blade regions. 
Hence, a combination of hexahedral and tetrahedral ele-
ments has been used for the entire blisk. Based on a sensi-
tivity analysis performed by running a series of simulations 
by decreasing the mesh element size until the maximum 
principal stresses in the locations within the weld region 
did not change with further element size reduction (i.e., a 
converged mesh), linear hexahedral mesh elements of aver-
age size 0.5 mm were determined and used in the disk and 

blade regions, while quadratic tetrahedral mesh elements of 
average size 0.7 mm were determined and used for the weld 
region. Additionally, due to the different mesh types used, tie 
constraints have been applied between the interfacial regions 
of the disk and weld, as well as the blade and weld. Lastly, 
the residual stresses were not included in the FE model; for 
simplicity, this information is reserved for the damage toler-
ant analysis that follows.

At the end of the FE analysis, the analysis input and out-
put files for Models 1 and 2 have been stored in a local hard 
drive and archived as file linkages within the MFIN. The 
stress fields were extracted for all the three regions of the 
blisk component, and the maximum principal stresses (�I) 
were computed for each element for both the models (shown 
in Fig. 6a). The �I values were stored within the Granta data-
base along with the associated centroidal positions of the 
elements. In order to visualize the variation in the maximum 
principal stress distribution across the weld region, between 
the two models, a line scan along X direction (shown in 
Fig. 6a and same as shown in Fig. 4a) was performed to 
probe values, which is shown in Fig. 6b. The values were 
probed at 0.5 mm interval, wherein the maximum principal 
stress at a particular location was picked from the nearest 
elemental centroid position. The increasing trend observed 
in maximum principal stresses along X for both Models 1 
and 2 (Fig. 6b) was as expected since (1) the applied cen-
trifugal load is a function of radius, and it increases as we 

Fig. 6  Maximum principal stress ( �
I
 ) distribution generated in the 

blisk component: a contour plots for the entire blisk component using 
Models 1 and 2 (i.e., without and with using average grain-size infor-
mation, respectively). The stress variation in the two models is very 
subtle and to articulate this minor difference, b shows the variation 

in �
I
 across the weld region (along the X axis) for Models 1 and 2. 

The values of �
I
 at the two locations of interest for damage tolerance 

analysis have been highlighted wherein the direction of �
I
 is also ori-

ented along the X axis
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move radially outward (i.e., along + X direction) and (2) the 
blisk section area is thinner as we move from disk to weld 
to blade region. Between Models 1 and 2, since the average 
grain size variations and correspondingly the variations in 
yield stress are maximum at the center of the weld region 
(Fig. 6a), one would expect to observe significant differences 
in the maximum principal stresses at this location (i.e., at 
X = 0). However, in the present loading scenario, the loca-
tions near the weld center does not experience yielding and 
since the grain size dependency in Model 2 is active only 
after yielding, the differences observed in resulting stresses 
between the two models are not necessarily highest at the 
weld center. Furthermore, yielding is experienced in the 
locations within the weld region closer to the blade region. 
Although, at these locations, the variations in σI (Fig. 6b) 
between Models 1 and 2 are small in magnitude, as they 
possess minor variations in their yield stress as shown in 
Fig. 6a. However, due to equilibrium after the FE simulation, 
the differences in the maximum principal stresses between 
Models 1 and 2 are observed at other locations near the weld 
center (between X = 0 and X = 3).

A conventional damage-tolerance analysis [45] was fol-
lowed, which is typically performed at locations with high 
stress within the component that are deemed as critical. At 
the selected locations, the presence of a crack is assumed, 
with an initial length ai representing the largest flaw that can 
be missed during the inspection process. The crack is ori-
ented perpendicular to the applied stress direction, such that 
the crack grows under the applied stress, following mode I 
crack growth. More details related to the damage tolerant 
methodology are presented in “Appendix” 2. Typically, the 
number of life cycles for the crack to grow to a final crack 
length af  , corresponding to the crack length at which the 
stress intensity (KI) factor reaches the critical value related 
to the fracture toughness of the material (KIC) , is computed 
as the number cycles to failure. Conventionally, engine 
components are pulled out of service and inspected for a 
crack and if its length reaches 0.76 mm (1/33 of an inch), the 
component is retired and if otherwise, the components are 
returned back to service [46]. Hence, in the current analy-
sis, the number of cycles for the initial crack to grow to this 
standard length has been estimated, which can be used to 
decide and plan the inspection interval for the component 
under consideration.

Two locations have been selected from the FE analysis 
(shown in Fig. 6a, b) for placement of a crack. The first 
location was chosen wherein the difference in the maximum 
principal stresses between the two models (Model 1 and 
2) was maximum. Hence, within the weld region, a loca-
tion which is at a distance of 1 mm from the weld center 
along the X direction was selected, with values of �I being 
759 MPa and 700 MPa for Model 1 and Model 2 (oriented 
along the X direction) (Fig. 6b), respectively. The second 

location for the analysis was selected at a location wherein 
the tensile residual stress component is maximum along the 
maximum principal stress direction. For this purpose, a loca-
tion at a distance of 2.5 mm from the weld center along the 
X direction (shown in Fig. 6b with �I values of 927 MPa 
and 960 MPa for Model 1 and Model 2, respectively) was 
selected, wherein the direction of maximum principal stress 
was along + X and the corresponding component of residual 
stress (�xx) (shown in Fig. 4b) was maximum. An embed-
ded elliptical crack is assumed to be present at the selected 
locations, with initial length ai = 0.10mm (semi-minor axis 
length) and constant semi-major axis length of c = 0.76 mm . 
In both these locations, the direction of �I is to be oriented 
orthogonal to crack faces (representing an opening mode). 
Since the direction of the maximum principal stress is along 
the + X direction at both the locations, the crack plane is ori-
ented parallel to the weld center plane (as shown in Fig. 7a, 

Fig. 7  Variation in the crack length (a) versus number of cycles (N) 
between the two cases, without (shown in blue) and with (shown in 
red) using spatially varying average grain size and residual stress 
information for locations at a distance of a 1 mm and b 2.5 mm from 
the weld center along the + X direction
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b), at a distance of 1 mm and 2.5 mm, respectively, along 
the X axis and propagating along the Z direction. Finally, for 
the analysis at both of these locations of interest, a constant 
final crack length of af = 0.76 mm (i.e., 1/33 of an inch) has 
been used.

For estimating the number of cycles to final crack length 
( Nf  ), a well-established damage tolerant analysis is used, 
based on linear elastic fracture mechanics, which superim-
poses the residual stress state into an effective stress inten-
sity factor based on the Walker model [47], as shown in 
"Appendix" 2. The �xx component of the residual stress 
has been used as �RS for both locations of interest (since �I 
is along X) to calculate the effective stress intensity value 
[Eq. (16)]. The values of �RS has been computed by first 
retrieving the functional form �xx(X) from the materials 
database and evaluating for both the locations of interest 
(i.e., X = 1 and X = 2.5), with values �RS = 16.68MPa and 
�RS = 35.59MPa , respectively. Finally, the crack length (a) 
versus the number of cycles ( N ) has been plotted for each 
of the locations as shown in Fig. 7a, b. In each of these 
plots, the fatigue life curves have been generated for both 
the cases—with and without using location-specific mate-
rial definitions.

In Fig. 7, the variation in the estimated fatigue life, ( Nf  ), 
while including location-specific material information (i.e., 
average grain size and residual stresses) within the damage-
tolerance analysis has been shown. For the two locations 
within the weld region considered in this analysis, we have 
demonstrated cases of overly conservative prediction (shown 
in Fig. 7a) and potentially inaccurate prediction (shown in 
Fig. 7b) of fatigue life while not including the location-spe-
cific material information in the analysis. In the present illus-
tration, the uncertainty in estimating the number of cycles 
and corresponding inspection interval for a component in 
service could be potentially reduced by including location-
specific material information. The access to location-specific 
material information and its inclusion within the lifing anal-
ysis has been achieved by utilizing the data linkages enabled 
by the MFIN framework. The location-specific definitions in 
the present use case were an outcome of the manufacturing 
process of the compressor blisk component, i.e., represent-
ing the underlying material state within the component at the 
end of its manufacturing. The inclusion of process-induced 
material state information, and its usage in performance 
analysis, demonstrates the usage of process–structure–prop-
erty–performance relationship. Model 1 is the historical 
approach, which treats each portion of the blisk compo-
nent as a monolithic structure in its approach to analysis. In 
Model 2, specific material location information is captured, 
via the MFIN framework, thus enabling a higher degree of 
precision in the design, production, inspection, and sustain-
ment of the blisk. While the demonstration case is intended 
to provide a simple proof of concept, the MFIN framework 

enables the use of more sophisticated physics-based mod-
els by providing connectivity and therefore accessibility to 
pertinent process history induced materials information. By 
using the location-specific linking strategy presented in this 
work, the necessary material state information can be linked 
to specific component features, which reduces the uncer-
tainty in our predictive models by harnessing the history and 
state of the material.

The use of data linking approach meets the require-
ment for several critical elements, necessary for creating 
a digital twin. Specifically, the approach creates dynamic 
connectivity to material datasets, enabling tracking and 
providing updated data regarding the material state at any 
given point in the lifecycle of the component. The avail-
ability of the current material state information can be 
utilized to make future predictions of the component’s per-
formance. In this work, the material data linkages have 
been used to provide material information to a commercial 
FE analysis code, for performing an analysis. Within the 
digital twin framework, the access to other commercial 
engineering software/code(s) which are useful for design 
and analysis of a component can be achieved by using 
necessary schemas and wrapper code(s). Herein, the mate-
rial data linkages can be utilized to inform the material 
information pertinent to a component using an approach 
similar to the presented work.

Further, the methodology of linking, tracking, and retriev-
ing material data can be expanded to other datasets produced 
during different stages of the product lifecycle. Since the 
linkages are created between a feature and the information 
applicable at the feature, a network of lifecycle data applica-
ble to the feature can be created by the MFIN. This starts to 
form a complete digital thread [48] of lifecycle data, which 
is necessary for supplying relevant information and creat-
ing the digital twin of the component. Hence, the MFIN 
framework would potentially complement data management 
systems, such as product lifecycle management systems [49], 
which are used to store product lifecycle data, by serving as 
a portal to access, exchange, and utilize feature-specific life-
cycle metadata. For retrieval of datasets specific to a feature, 
a user-interface can be developed (as shown in a schematic 
in Fig. 8a), wherein the desired datasets can be retrieved 
using its feature’s unique identifier. For instance, during the 
maintenance and repair of the component, an image of the 
component with a crack developed during its service, in a 
specific location (shown in an illustration in Fig. 8b, c) can 
be linked and accessed using the MFIN. During the design 
of the newer version of the component, the prior knowledge 
of the crack location from the digital twins of predecessor 
components can be used to identify critical feature loca-
tions and explore newer opportunities to design and develop 
manufacturing processes for achieving desirable properties 
at these critical locations in the component.
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Conclusion

This paper presents a framework, namely a Model-based 
Feature Information Network (MFIN) for storing, updating, 
and retrieving material information applicable to a com-
ponent throughout its product lifecycle, in order to realize 
the concept of digital twin. The framework involves a data 
model in an XML file format (MFIN XML), defined by its 
schemas (MFIN application schemas), to create data link-
ages between the component’s geometry and feature defini-
tions originating from its CAD model and material defini-
tions stored in a materials database software. For defining 
location-specific material definitions within a component, 
the framework has adopted the use of point clouds to define 
distinct locations within its design model, wherein linkages 
to the applicable material datasets have been created. In 
order to create the linkages of material definitions or utiliz-
ing the existing linkages to extract material datasets applica-
ble to a feature, programmatic methods, or wrapper code(s) 
have been created by using application-program interface 
(API) functionalities of both the MFIN and material data-
base software. These wrapper code(s) have been utilized to 
provide material definitions for structural analysis, thereby 
creating a data integration between the MFIN and FE analy-
sis tool. Additionally, the MFIN application schemas have 
been created to capture the analysis model definition and 
analysis result datasets, for future usage and to make deci-
sions during the product lifecycle. The key benefits from the 
presented work are as follows:

• The capability to include and exchange location-specific 
material definitions has been illustrated with a use case, 
wherein a linear friction welded Ti-6Al-4V compressor 

blisk component has been used. Within the regions in 
the blisk component, manufacturing process induced 
microstructure information (i.e., average grain size) and 
residual stress fields have been included and utilized for 
damage tolerance analysis. The variation in the estimated 
fatigue life, with and without including location-specific 
material information, has been demonstrated. Hence, by 
including and utilizing location-specific material state 
definitions, uncertainties in fatigue life estimates can 
be potentially reduced. Furthermore, the demonstrated 
capability to include location-specific information can 
also be extended for providing access to pertinent pro-
cessing induced material state information applicable at 
specific locations within the component and using them 
within other sophisticated physics-based predictive mod-
els, thereby potentially minimizing the uncertainties in 
these predictive models.

• The developed linking methodology creates dynamic 
linkages to the material data, thereby allowing continual 
updating of the material information applicable to the 
component and its features. The linkages provide access 
to the current material state information at a given point 
in its lifecycle, which can be retrieved and utilized to 
forecast the future performance of the component.

Furthermore, the presented framework and methodology are 
expandable to meet other needs for realizing a digital twin 
as follows:

• The data integration between the MFIN and a commer-
cial FE analysis code has been presented in this work, 
wherein the material information applicable to a com-
ponent is provided using linkages in the MFIN, for the 

Fig. 8  An illustration of using a 
a graphical user interface which 
can be created for the MFIN, to 
retrieve specific lifecycle data 
(for example, maintenance data) 
applicable to either a specific 
feature and/or its component, 
by specifying its feature ID and 
UUID, respectively, leading 
to either b the retrieval of an 
image of the entire component 
(part level search) or c retrieval 
of an image of a feature (fea-
ture-level search) with a crack 
detected during its maintenance 
and repair inspections
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analysis. Similarly, the framework can be expanded to 
access and utilize other commercial software code(s), 
which could be useful for design and analysis of a com-
ponent, by including necessary schemas and wrapper 
code(s) to create the data integration.

• The MFIN framework presented in this paper has been 
limited with the focus on capturing material data appli-
cable to the component. However, the same approach is 
expandable to form linkages to store and exchange other 
product lifecycle data which are applicable to the compo-
nent and its features. While doing so, the MFIN starts to 
form a network of lifecycle data mapped to the features 
in the component, thereby creating a digital thread for 
data exchange. Thereby, for each serialized component, 
there will be a MFIN file, containing the linkages to the 
lifecycle data from design to retirement. These data link-
ages, from a fleet of components, can be used to pro-
vide datasets for informing decision making during the 
design, manufacturing, and sustainment stages of a newer 
version of the component.
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Appendix 1: Acquisition of Residual Stress 
Datasets

For creating residual stress data, the reported characteriza-
tion data [35] obtained using energy dispersive X-ray dif-
fraction (EDD) were used as a starting point. A sample of 
linear friction welded Ti-6Al-4V to Ti-6Al-4V plate was 
characterized by the diffracted intensity of high energy 
X-rays captured with detectors, by performing rotations 
to the sample, thereby obtaining the lattice strains in the � 
and � phases of Ti-6Al-4V corresponding to different fam-
ilies of planes along a series of scanned locations relative 
to the weld region. Using the acquired datasets, the elas-
tic strain tensor at each scanned location has been com-
puted and reported in [35]. This process was repeated for 
multiple locations spatially near the weld, by performing 
multiple line scans across the sample. From the reported 
residual strain tensors, for the present work, we acquired 
datasets corresponding to the � phase of Ti-6Al-4V, having 
family of planes with Miller indices (i.e., three digit Miller 
indices{h,k,l}) values of {102}. A coordinate mapping 
was performed to associate the reported residual strain 
datasets with the coordinate system used in the current 
work (i.e., �11, �22, �33 in [35] correspond to �ZZ, �XX, �YY , 
respectively). For each of the reported spatially varying 
residual strain components, data were extracted at 91 loca-
tions within the weld region (45 locations on each side of 
the weld interface and 1 location at the weld interface). 
The Young modulus (Ehkl) and Poisson ratio (�hkl) corre-
sponding to {102} were computed using Eqs. (3) and (4) 
[50], which are necessary for computing the residual stress 
components.
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In Eqs. (3) and (4), the lattice parameters a = 2.931 
and c = 4.660 for the �-phase were used [35].  
The elastic compliance matr ix terms ( sij) were  
obtained from the elastic stiffness matrix (Cij) , for  
which C

11
= 169.66 GPa,C

12
= 88.66GPa,C

13
= 61.66GPa,

C
33

= 181GPa,C
44

= 42.50GPa,C
66

= 40.5GPa  values corre-
sponding to the �-phase of Ti-6Al-4V [51] have been used.

The residual stress components σxx , σyy , σzz were com-
puted using the tensorial equation [Eq. (5)], wherein i, j 
are the free indices and �ij represents the Kronecker delta.

After obtaining the residual stress components (in 
MPa) for each of the 91 locations within the weld region, 
a regression fit is applied, in order to create a functional 
form to define the residual stress distribution. A Fourier 
type fit was chosen to fit the residual stress data [52, 53], 
and the function form of the residual components σXX(X) , 
σYY(X) , σZZ(X) used for the case study is shown below 
in Eqs. (6)–(8). In the study [35], the symmetry of �XX 
and �ZZ components of residual strains across the weld 
center were reported; however, we observe an asymmetry 
in the σXX , σYY and σZZ components of the residual stresses 
about the weld center (shown in Fig. 4b), which is due to 
the contribution of the asymmetry in �YY component that 
is included while evaluating the stress components using 
Eq. (5).

Appendix 2: Formulation to Include Residual 
Stresses within Damage Tolerance Analysis

The stage II crack growth can be described using the Paris 
law [Eq. (9)], wherein the rate of crack propagation ( da

dN
 ) is 

a function of the driving force for the crack growth, namely 
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(5)�ij =
Ehkl

1 + �hkl
�ij +

(Ehkl�hkl)
(

1 + �hkl
)(

1 − 2�hkl
)�kk�ij

(6)

�
XX

(X) = − 8.296 + 16.23 cos (0.57X) + 30.6 sin (0.57X)

− 11.83 cos (1.14X) − 0.29sin(1.14X)

(7)

�
YY

(X) =129.8 − 312.7 cos (0.3X) + 7.89 sin (0.3X)

+ 110.7 cos (0.6X) + 73.04sin(0.6X)

(8)�ZZ(X) = 215.6 + 361.2 cos (0.76X) + 21.76sin(0.76X)

the effective stress intensity range ( ΔKeff ). The parameters 
C and n are the Paris constants for the material at a given R 
ratio. For this analysis, the values of C and n for Ti-6Al-4V 
at R ∼ 0 and at room temperature were used as shown in 
Table 1 [37].

In order to account for the residual stresses within 
the analysis, the ΔKeff is modified using a Walker model 
[Eq. (10)] [47], which typically captures the effects on the 
crack growth rate due to changing R ratios. Herein, within 
the R ratio term, the applied stress is superposed with the 
component of residual stress (�RS) along the direction of 
σI [Eq. (11)], which is the X direction in this study. For 
the current case study, �I,min = 0 and �I,max are the σI value 
obtained from the FE analysis for the Models 1 and 2 at 
each of the two locations (Fig. 6b). The Walker exponent m 
in Eq. (10) is a material-dependent parameter and the value 
applicable for Ti-6Al-4V at room temperature has been used 
as reported in Table 1 [37].

Similarly, within the maximum stress intensity (Kmax) 
term [as defined in Eq. (12)] for a given crack length (a) , the 
residual stress component ( σRS) has been superposed with 
applied maximum stress �I,max . The term f

(

a

c

)

 represents 
an expression of the geometric correction factor as a func-
tion of the crack dimensions. For an embedded elliptical 
crack in the current case study, an approximate f

(

a

c

)

 , as 
shown in Eq. (13) [54], has been utilized, which is applica-
ble for crack lengths a much smaller than the width of crack 
growth plane such as in the current case.

(9)
da

dN
= C

(

ΔKeff

)n

(10)ΔKeff = Kmax(1 − R)m

(11)R =

{

𝜎I,min+𝜎RS

𝜎I,max+𝜎RS
if R ≥ 0

0 if R < 0

(12)Kmax = (�I,max + �RS)f
(

a

c

)

(�a)
1

2

(13)f
(

a

c

)

=

(

1 + 1.464
(

a

c

)1.65
)−

1

2
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The equations Eqs. (11)–(13) have been substituted in 
Eq. (10), followed by further substituting Eq. (10) in Eq. (9). 
Finally, Eq. (9) is rewritten to obtain dN as a function of da , 
which can be integrated to compute fatigue life cycles ( Nf  ) 
as crack grows from a length ai to af  as shown in Eq. (16).
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