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Abstract

Engineering design shows a growing interest in exploring cost analysis to anticipate manufacturing issues and integrate production
aspects within the product development process. This research aims to highlight key elements (inputs, parameters, models) to
accurately predict the cost of a forged part using a complete model, with important information that can be available during the
design phase. For this purpose, a systematic literature review of existing engineering methodologies developed for cost analysis of
forged parts (i.e., cost estimation, DtC, and ABC) was performed with characterizations of the different approaches for evaluating
the most important topics related to this objective. As a result, the most important insights related to the aim of this review are
provided: (i) among quantitative methods, analytical and parametric models are the most suitable approaches to develop a cost
estimation, (ii) a cost model based on a linear equation supported by single or multiple variables seems to be the most accurate tool to
establish a robust cost analysis in the design of forged components, and (iii) input parameters related to the material type and
geometrical features are the most critical cost-drivers in the cost assessment. Moreover, this review contributes to identifying
emerging applications and obsolete topics, providing the ground to investigate unexplored areas relevant to future research.

Keywords Systematic literature review - Engineering knowledge - Forging - Costmodel - Costassessment - Material processing -
CAD - CAE

1 Introduction Today, globally operating companies are required to run in an
uncertain environment facing the design of complex products
with several constraints such as minimal weight, minimum cost,
high quality, manufacturability, reliability, and short time-to-
market. System engineering methods and tools are necessary
to tackle these issues and close the gap between the design
and the manufacturing departments. Literature shows how
manufacturing issues were coupled within the design process

creating integral approaches known as “‘concurrent engineering”

Design and production are engineering activities that belong to
two different entities firmly integrated into modern enterprises.
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[1] “integrated product development” [2], and “quality function
deployment” [3]. First attempts to consider upstreaming feed-
backs from the manufacturing into the engineering and design
activities were made in the early *80 by the birth of Design for
Manufacturing and Assembly (DfMA) [4]. Over the years, other
objectives (maintenance, quality, reliability, disassembly) were
integrated beyond manufacture and assembly (DfX techniques),
mainly focused on cost reduction. Thus, design methodologies,
based on cost analysis, were developed such as design-to-cost
(DtC) [5], activity-based cost (ABC) [6], and cost estimation [7].
These methodologies couple economic constraint, with other
paradigms such as manufacturability, assembly, and
sustainability.
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Even though the forging process is one of the oldest
methods of metalworking, it is one of the most challenging
industries for the development of mechanical components.
Forging remains a cost-effective manufacturing technology
to this day due to the possibility to achieve desirable mechan-
ical properties for the component—including a very high de-
gree of tensile strength—at an attractive price-point. At its
core, this process consists of forming raw metal without
allowing the material to melt completely. The metal remains
in a solid-state while the piece goes through a combination of
forming techniques such as hammering, rolling, or pressing.
While there are many forging variations, each with its distinct
advantages, most involve heating the work-piece to very high
temperatures to facilitate these shaping processes. The bene-
fits offered by forging, compared with other production pro-
cesses, can be summarized as superior quality combined with
lower manufacturing costs. The standard of quality is due to
the favourable mechanical properties of forged parts, such as
high strength and toughness, an uninterrupted fiber flow, close
tolerances and a good surface quality. The cost benefits
achieved using forging techniques can be considerable, but
do depend on the specific part considered and on the previ-
ously used production method. Individual cost factors include:

i. Low material input: almost the complete initial volume of
the billet is processed into the finished part (savings can be
as great as 75% compared to machining).

ii. Use of low-cost raw materials: lower-cost steel grades
with lower initial strength characteristics can be used to
achieve the same mechanical properties obtainable in ma-
chined parts.

iii. Reduction/elimination of subsequent machining process-
es: metal removal after forging is necessary only in the
case of geometries that present particular features (i.e.,
recesses, undercuts, or threads).

iv. High productivity: stroking rates vary based on the di-
mensions of the workpiece (i.e., up to 200 pieces/min
for small workpieces produced from wire on horizontal
forging machines).

v. Facility for integration of several functions/geometries in a

single component: cold extruded parts often provide an op-
portunity for re-engineering to create lower-cost designs.

The application of knowledge-based systems provides ef-
ficient solutions to complex engineering design problems such
as forging. It is particularly true for cost estimation, where
multiple engineering aspects need to be faced. Implicit
(tacit) knowledge lies in a breadth of professional expertise
beyond that of a single forging product designer. The engi-
neering design activities, such as the cost analysis of forged
parts, suffer from this issue. The way to reinject manufactur-
ing knowledge in the early design phase and how to use it to
calculate manufacturing costs are still open points.
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1.1 Research questions in the cost analysis of forged
parts

Based on the defined issues, three research questions emerged
from the analysis of the literature in this field:

1. What are the most reliable cost analysis methods in the
engineering design of forged components?

2. To what extent, the forging manufacturing knowledge has
been used to derive numerical models and inputs for cost
analysis methods?

3. To what extent, virtual design tools have been investigat-
ed as potential inputs for cost analysis methods?

1.2 Objective of the research

This research aims to highlight the main aspects (inputs, pa-
rameters, models) to accurately predict the cost of a forged
part using a complete model, with important information that
can be available during the design phase. For this purpose, an
in-depth review of existing engineering methodologies devel-
oped for cost analysis of forged parts (i.e., cost estimation,
DtC, and ABC) was performed. This research leads to the
characterization and classification of the different approaches
encountered in the literature, evaluating the most important
topics related to this objective.

1.3 Positioning of the research

The present work focuses on the design of components that
need to be manufactured with forging technologies. The high
competition in the forging market is why, besides the quality,
the forged part’s price is the critical parameter that often de-
termines the vendor's selection. Despite the forging technolo-
gy is consolidated and relatively well known, this process is
the most difficult to implement. Producing a proper forging of
a complicated shape, which will meet the requirements of the
recipient regarding the precision and quality (i.e., automotive,
military, and aircraft industries), requires high experience and
knowledge from designers, engineers, and technologists. In
the forging industry, cost estimation is a crucial activity due
to the several aspects that include the raw material consump-
tion, the use of dedicated machines and their shop floor occu-
pation, the design of customized dies and tools, the sequence
of operations, etc. Indeed, the forging industry moved from a
traditional and consolidated technology towards a complex
and automatized environment, which includes newly process-
es (e.g., precision forging) [8], automation and robotics (i.e.,
manipulation and inspection) [9], and the feasibility to pro-
duce forged parts with complex shape/geometry that were
considered impossible to fabricate by engineers in the 1970's
and 1980's [10].
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1.4 Relevance of the research

This research’s relevance lies in the possibility to identify the
most reliable cost analysis methods in the engineering design
of forged components. Cost analysis is part of the product
development process. It requires many disciplines from design
to manufacturing, passing through metallurgy, mechanics, etc.
Cost analysis translates tacit (implicit) knowledge, which lies
in the high experience and knowledge of designers, engineers,
and technologists, to explicit knowledge, that can be
reinjected in the development of manufacturing-compliant
products for Design-to-Cost activity. The analysis is focused
on those key factors (i.e. models, inputs, materials, technolo-
gies, geometrical and process parameters) that characterize the
cost assessment methods and the quality of the outcomes. The
literature analysis results were then used to make suggestions
for future studies and drive researchers and practitioners to
develop compliant tools for the robust assessment of costs in
the early design stages. In scientific and academic literature
there are no review papers focused on the estimation of forg-
ing costs, but only reviews focused on forging equipment, in
particular on methods of increasing the life of forging tools
[11, 12] or on degradation mechanisms [13]. Other authors
focused their research on force reduction methods [14], mea-
surement techniques [15], material behaviour [16, 17], or de-
velopments in a particular forged product [18]. The current
review provides comprehensive coverage by reviewing 85
documents from 1970 until now. It provides a detailed

analysis of different aspects of the literature to identify re-
search trends through a structured review process.

1.5 Contribution of the research

This review encompasses several topics related to the engi-
neering knowledge in the field of forging. The contribution of
this research work deals with the possibility to identify impor-
tant aspects related to the cost analysis of forged parts such as
the definition of cost functions and key input parameters, the
differences in forging technologies and materials to be
modelled, as well as the introduction of a virtual design tool
for a more accurate cost analysis (i.e., CAD and CAE tools).

The paper is structured as follows: after this introduction,
the second section presents the methodology applied to collect
relevant literature for the review and assumptions. The third
section introduces the classification framework with a dedi-
cated discussion about the clustering approach for the re-
trieved methodologies. The fourth section presents the classi-
fication of literature and the main results following the defined
framework. Lastly, conclusions are outlined, and viable future
research directions are proposed.

2 Materials and methods

A systematic literature review (SLR) was used to investigate
engineering design methodologies for cost estimation and

Fig. 1 The framework of the ‘
systematic review
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analysis of forged products. SLR has been conceived to be
robust, repeatable, objective, precise, and scientific. Section 2
is structured as follows: (i) the selection of databases used for
the review (Section 2.1), (ii) the definition of keywords used
to obtain topic-related documents (Section 2.2), (iii) the meth-
od used for the analysis and classification of documents
(Section 2.3), and (iv) the bibliometric analysis
(Section 2.4). Figure 1 represents the overall framework of
the review.

2.1 Database selection

The literature review started in the first quarter of 2020
(January—April) analysing documents published until the end
of 2019. The investigation is carried out through three data-
bases: (i) ScienceDirect, (ii) Scopus, and (iii) Springer with no
constraints placed on journals or disciplines. The research
included conference/journal papers, and technical reviews,
excluding books, book chapters’, thesis, and technical reports.
The language used for the study was limited to English. All
fields, including article title, abstract, keywords, and main
text, were used for the research in the three databases. The
study was conducted without applying any filters related to
the publication years. This choice reflects the fact that forging
is one of the oldest technologies with continuous advance-
ments over time. Pioneering works about engineering cost
analysis were developed, in the first place, for this technology.
The retrieved works cover a timeframe longer than 40 years.
An overview of the time distribution of research works is
presented in Fig. 2, starting from 1977.

2.2 Keywords definition

The search was structured in two phases using the following
keywords. In the first phase, the term “forging” was combined
using the “AND” operator with all following keywords: “de-
sign to cost,” “cost estimation,” “production part costing,”
“should cost,” and “activity-based costing.” A total number
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Fig. 2 Documents distribution
over the years
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of 559 documents were found in this first phase. For the
ScienceDirect database, the research was limited to title, ab-
stract, and author-specified keywords fields available in the
advanced search, due to the massive number of articles re-
trieved by the first analysis (higher than 10000).

To reduce this large number of papers, considering only the
relevant ones for the SLR, a refinement (second phase) was
conducted based on the following criteria:

» for each document, the terms “forged” and “forging” were
searched within the document. If these terms appeared
only in the references or as “examples” within the text,
those documents were discarded;

+ for all the other documents that passed this first screening,
abstract, introduction, and conclusion were read to evalu-
ate if the document is compliant or not with the SLR topic.

Adopting the mentioned criteria, the overall number of ar-
ticles passed from 559 to 85. Documents are grouped as fol-
lows: (i) 65 journal papers, (ii) 18 conference proceedings,
(iii) 2 conference keynotes. Table 1 summarizes the number
of documents collected in this phase and the screening process
based on the selected keywords.

2.3 Document organization

After the screening presented in the previous section, all the
references were collected, organized, and analyzed. A dedi-
cated spreadsheet was developed with this aim, clustering the
relevant information (Table 2), and using the following cate-
gories and summarized:

* General section: this section included the primary author,
other authors, title, year of publication, type of paper,
journal or conference name, and DOI.

»  Specific section: this section included the main topic of the
paper, related topics, paper objective, paper novelty, result
and, limitations.

Documents per year

o e e

Year of publication
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Table 1  Documents distribution and screening

Number of papers

Number of relevant papers

Keywords Scopus  Sciencedirect Springer ~ Scopus  Sciencedirect ~ Springer
“forging” AND “design to cost” 9 56 10 3 9 0
“forging” AND “cost estimation” 111 95 115 30 18 17
“forging” AND “production part costing” 0 0 0 0 0 0
“forging” AND “should cost” 0 10153 (no filter) 16 0 33

233 (filter to title, abstract or author)
“forging” AND “activity-based costing” 51 32 28 4 3 5
Total (not duplicated) 559 85

* Characterizing section: this section reported topics and

To answer the first research question (what are the most reli-

trends related to the research’s main focus, providing a  able cost analysis methods in the engineering design of forged
score associated with the paper’s contribution (ranging  components?), an overview of the cost estimation methods was
from 1 to 5) in this field. Topics were detailed in 5 cate-  carried out based on the classification proposed by Niazi et al.
gories to have a better insight into the contribution of each ~ [19] and Salmi et al. [20]. This classification was used to create

paper in a specific topic.

the ground for the cost analysis in forged component design.

Table 2 Categories for documents classification

Category name

Category description

General section

Main author

Other authors

Title

Year

Type of publication
Journal/Conference name
Citations count

DOI
Specific section

Main objective of the paper
Related objectives

Novelty
Results

Limitation

Characterizing section

Topics

Importance

Corresponding author-name

Other authors name

Title of the reference

Year of the reference

(1) Journal, (ii) Conference Proceeding, (iii) Conference Keynote, (iv) Technical Report, and (v) Thesis.
Name of the conference or the journal in which is published the reference

Number of citations that the article received from when it was published

DOI number of the reference

The main objective of the reference. Example: open die forging of axisymmetric part;
closed die forging of aluminium shafts, etc.

Describe, if present, the other objectives in reference. Example: force and energy calculation;
use of Design for Manufacturing (DfM), etc.

The novelty in respect of the state of the art
The outcomes of the research method

The limitations observed by the authors. For example, the reference is limited only to one
item of the forging process (heating, die cost, etc.), or is limited only to a particular
category of product (gear, shaft, etc.)

The insights of the research:

T1 - Cost function and key parameters (Equation type, Input parameter string, Not Applicable)
T2 - Forging technology

o process (Closed-die, Open-die, Not Applicable)

o temperature (Cold, Warm, Hot, Not Applicable)

T3 - Material (Material class string, Material type string, Not Applicable)

T4 - CAD-linked method (YES, NO, Not Applicable)

TS5 - CAE-linked method (YES, NO, Not Applicable)

The relevance of the reference concerning the objective of our review. Scale from 1
to 5 based on the author judgment

@ Springer
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Concerning the second research question (to what ex-
tent forging manufacturing knowledge has been used to
derive numerical models and inputs for cost analysis
methods?) three topics were identified: (T1) cost function
and key parameters, (T2) forging technologies, and (T3)
materials used in forging processes. These topics charac-
terize the necessary knowledge to fulfil design require-
ments and develop reliable cost models [21, 22].

Concerning the third research question (to what extent vir-
tual design tools have been investigated as potential inputs for
cost analysis methods?), two topics were identified: (T4) CAD
tool for geometrical inputs, and (T5) CAE tool process-related
inputs. These topics reflect consolidated tools used in engi-
neering departments aiming at the reliability of cost estimation
output [23].

The identification of these topics allows defining the
boundaries that contextualize the development of cost-
related activities in the engineering design of forged compo-
nents. Each relevant paper was then analyzed against the
topics. The list of documents was reassessed concerning the
topics mentioned earlier.

It is worth noting that due to the high number of papers
retrieved by the literature analysis, they were clustered based
on the common features discovered for each topic to have a
general overview and a statistical distribution of the paper
concerning these features. Afterward, based on the clusters,
the most significant contributions were analyzed providing a
discussion against the focus of this review. Thus, Section 3
reports the papers’ classification based on the identified fea-
tures and a description of the most significant contributions on
the given topic.

2.4 Bibliometric analysis

The current study considers 85 papers, published in 42 differ-
ent scientific journals or conference proceedings. The top nine
journals (21%), characterized by having at least two articles
each one, cover 51 papers (60%) out of 85 (Table 3). The

documents of these nine journals have 810 citations (65%)
out of 1247. “Journal of Materials Processing Technology,”
“International Journal of Advanced Manufacturing
Technology,” and “CIRP Annals” are those academic journals
with the highest number of papers and citations.

The most relevant subject areas of the nine most influential
journals are summarized in Table 4. It is noted that all the
journals are Q1 for all the subject areas.

The most active countries on cost analysis of forged prod-
ucts are the USA and the UK (Table 5). North American and
the UK researchers contributed with 39 papers (46%), which
have been cited 853 times (68%). American and European
researchers cover 76% of the published articles. It is worth
highlighting that the quantity of cooperation among organiza-
tions is low (only eight papers have been jointly written by
two or more researchers from different countries). The most
cooperating countries are the USA (4 joint papers) and the UK
(3 joint papers).

The most relevant universities researching this manu-
script’s topics (Table 6) belong to the most active countries.

3 SLR framework: analysis and classification

Among all manufacturing processes, forging technology has a
particular emphasis because it helps to produce parts of supe-
rior mechanical properties with minimum material waste. In
forging, raw material with simple geometry is plastically de-
formed by single or multiple steps into a product of relatively
complex configuration [24]. An essential challenge for to-
day’s industry is increasing business profit by lowering the
production costs and keeping optimal quality standards for
the customer. This challenge could be faced by improving
process efficiency (reducing non-compliant parts) and identi-
fying the inefficiencies. Assessing product cost in the early
phase of product design is crucial to ensure success in a com-
petitive market. Engineering cost-based analysis was devel-
oped long ago. It consolidated over the years, providing a

Table 3 Most significant
journals, with at least two papers

(sorted according to the number
of documents considered in the
review)

Journals Papers Citations
Journal of Materials Processing Technology 21 309
International Journal of Advanced Manufacturing Technology 9 129
CIRP Annals 8 105
Integrated Design and Manufacturing in Mechanical Engineering 3 8
International Journal of Machine Tools and Manufacture 2 106
Journal of Manufacturing Systems 2 63
Materials & Design 2 56
Advances in Engineering Software 2 29
Digital Enterprise Technology 2 5

@ Springer
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Table 4 Most significant research topics, common to at least two
journals

Table 6 Most active universities, with at least three papers (sorted
according to the number of documents)

Topics Quantity Universities Papers Citations
Industrial and manufacturing engineering 5 University of Strathclyde (UK) 4 53
Mechanical engineering 4 Ohio State University (USA) 3 143
Software 3 Bu-Ali Sina University (IRN) 3 22
Computer Science applications 2 Universita Politecnica delle Marche (ITA) 3 10
Control and systems engineering 2

general approach for manufacturing processes and ad-hoc
methodologies referring to a given technology. This is the
case of cost-based analysis in developing a forging component
that is considered in this review. Several classification
methods of cost approaches already exist in cost modelling
literature. Salmi et al. [20] proposed a classification method of
cost approaches based on three aspects: (i) phase of applica-
bility, (ii) granularity level, and (iii) approach type.

The first classification reflects the design phase in which
cost models are used: early and late design [25]. According to
the cost estimate's data availability, a cost model can be clas-
sified concerning the applicability phase. In early design, cost
models can predict cost during a pre-processing step, thus
anticipating the production system, which is still under the
arrangement and not yet implemented. In the case of late de-
sign, the models aim to estimate the production cost generated
by a system that exists and is well or exhaustively known. The
second classification divides models into top-down and
bottom-up approaches. The top-down is principally based on
historical data from previous works and projects are used [26].
The bottom-up requires estimation of resources cost rates for

Table 5 Most active

countries, with at least Countries Papers Citations

two papers (sorted

according to the number USA 24 581

of documents considered UK 15 272

in the review) France 8 58
Germany 7 35
Iran 6 66
Ttaly 4 20
India 3 42
Sweden 3 18
Turkey 3 45
China 2 36
Japan 2 11
Korea 2 2
South Korea 2 173
Spain 2 28
Taiwan 2 7

each element and sub-element of work. This classification was
overcome by the third one, which classifies models in two
leading families: (i) qualitative methods, based on compara-
tive analysis of a new product and an existing one and, (ii)
quantitative methods, based on a detailed analysis of product
design, including its features and corresponding manufactur-
ing processes [7, 19, 27-29]. Qualitative cost estimation
methods include knowledge-based and intuitive methods
grounded on the estimator's experience and, analogical
methods based on the manufacturing process similarity be-
tween the product to be designed and products previously
estimated [19]. Quantitative cost estimation methods include
analytical methods, based on primary tasks decomposition,
feature-based methods, which use geometric features as the
basis for cost estimation and, parametric methods founded on
the relations between product characteristics and their cost
[30].

Campi et al., [31] compare the different techniques with
three assessment levels: low, medium, and high. The compar-
ison is based on five features: accuracy, robustness, scalabil-
ity, uncertainty, and subjectivity. Accuracy reflects the confi-
dence level of the methodology results concerning the actual
cost provided by the company. Robustness addresses the ad-
aptation of the method with product features (e.g., dimen-
sions, geometry, tolerances). Scalability measures how much
the technique is suitable for different production sets and tech-
nologies. Uncertainty reports the sensitivity of a given method
based on the input parameters. Subjectivity addresses the de-
pendency of the technique from the expertise and knowledge
of'the end-user. Qualitative methods require expert knowledge
to generate a cost evaluation, and their replicability is limited.
Qualitative methods are mostly used during the initial phase of
product design (conceptual design), due to the lack of com-
plete design information in the early stages of a project [32].
To cope with this issue and to improve the performance in
terms of accuracy and consistency, new techniques including
statistical techniques and machine learning method (CBR—
case-based reasoning and ANNs—artificial neural networks)
were introduced [33, 34]. Data from the past projects are used
to train, test, and validate the built model’s performance.
Qualitative methods’ weaknesses lie in the difficulty in han-
dling many variables (cost-driven parameters) and the

@ Springer
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requirement for establishing a cost function between inputs
and outputs by regression analysis methods [35].

Quantitative cost estimation methods are mostly used in the
late stage of product design (embodiment design and detail
design), targeting the manufacturing domain and the supply
chain management to achieve an accurate cost estimation with
the possibility to increase the level of granularity present in
their models [32]. Quantitative methods are robust and accu-
rate because assessment uses a product decomposition struc-
ture to collect cost factors associated with production process-
es and morphological components’ features [35]. As a general
outcome, in forging technology, quantitative methods are the
most suitable choice for assessing product costs during the
design phase [31]. The literature highlighted the importance
of knowledge management in the evaluation of product cost,
in particular in the definition of two key factors: (i) cost
models and relationships for the assessment, and (ii) input
parameters [36]. Cost variability is approximately +15% com-
pared to the actual cost [37].

Table 7

Qualitative cost estimation methods for forged products
were limited investigated within the literature ([38—42]). The
available model for the cost estimation of forged components
is often inaccurate for a comparative analysis due to the miss-
ing items related to the forging process. Indeed, many authors
focused only on a specific phase (or an item) in the forging
process. Table 7 summarizes the distribution of works based
on cost estimation methods. Concerning the quantitative ap-
proach, different models were developed based on the
process’s characteristics. Analytical and parametric models
are the most widespread and are well distributed over the
years. Knight et al. and Campi et al. developed analytical cost
models for the closed-die and the open-die forging, respec-
tively [31, 53]. Both methods provided a cost estimation of a
forged component using material type and the forged dimen-
sions as input data. The forging process was divided into var-
ious cost items: material, heating, labour, machine costs, and
in the case of the closed-die also the die and flash removal
Costs.

Documents distribution based on cost estimation method (in brackets the number of documents per category)

Cost estimation method main category

Cost estimation method sub-category

Analytical (26) Parametric (8) Featured based (4)
Quantitative methods (37) [43] [67] [73]

[44] [68] [38]

[31] [69] [56]

[45] [70] [74]

[46] [37]

[47] [71]

[48] [72]

[49] [32]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[34]

[63]

[64]

[65]

[66]

Analogical (1) Intuitive () Knowledge based (4)

Qualitative methods (5) [38] - [39]

[40]
[41]
[42]

@ Springer
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By following the result of this classification, quantitative
methods are more spread among researchers and practitioners.
The result analysis shows how quantitative methods, particu-
larly the analytical ones, can catch the peculiarities of this
process and how the cost features can be linked with the in-
formation available at the early design phase. Quantitative
methods are less subjective and replicable for different com-
ponents, and they provided numerical results that allow com-
paring different solutions. Moreover, as described in various
works, parameters and equation can be updated to consider
more aspects (i.e., additional operations, detailed geometrical
information, process constraints) for a more accurate result
and understanding of the cost distribution. The possibility to
refine the estimation method is significant for forged compo-
nents due to the following aspects: (i) the process can vary
from a few to several steps, (ii) dimensions of machines and
equipment need to be selected based on product size/shape
and specific process constraints (i.e., hot, cold forming), and
(iii) geometrical parameters are essential in the definition of
the number of strokes as well as in the design of specific
equipment. These methods require dedicated cost models
(function) and cost parameters (input) for their definition.
These models are driven by each particular technology, the
material type, geometrical information, and process inputs.
All these topics are analyzed and discussed in the following
subsections.

3.1 Cost function and key input parameters

Cost function and key input parameters were largely analyzed
and used in the cost analysis of forged components, in partic-
ular for quantitative methods (i.e., analytical and parametric
models). This first topic of the analysis identifies the type of
equation used for the cost assessment and the main input pa-
rameters that characterize the cost model. A cost model con-
sists of various data, rules, and equations organized according
to a specific framework [75]. The cost estimation process
originates from a set of cost-driver. A cost driver is defined
as the independent variable responsible for cost variation in a
cost estimation relationship [63]. Cost-drivers for manufactur-
ing cost estimation can be clustered into several cost items: (i)
material, (ii) machine, (iii) labour, (iv) equipment, (v) con-
sumables, and (vi) energy [75].

The review highlighted the most common cost-drivers in
forging cost estimation models. For example, the forging ma-
terial type (M,) is the most widespread cost driver in qualita-
tive and quantitative cost estimation models, as reported in
Table 8. The reason why this driver is of great importance
deals with the information it contains; indeed, the forging
material type shows both raw material cost and physical attri-
butes that can affect the manufacturing process (e.g., forging
temperature, strain rate, etc.). The forging material affects the

raw material cost and the cost of labour and machine for op-
erations (cutting, heating, forging), and the equipment cost
(die cost). A material with lower forgiability (e.g. nickel al-
loys) requires higher temperatures, higher energy, and load
compared to more forgeable material (e.g. aluminium), in-
creasing then the final costs [31, 44, 45, 48, 53, 54]. Forging
material type also impacts the equipment cost; indeed, it af-
fects the die life, and consequently, the maintenance opera-
tions [53, 54].

In some works, these drivers are replaced by the volume of
the forged part (V;) which affects not only the raw material
category cost but also the forging load/energy required to de-
form the part [67]. In some cases, the V,parameter is used as
the main cost driver to calculate the total cost of a forged part
[37, 51, 72]. V,is also used to assess the forging load/energy
necessary to deform the part and, consequently, choose the
forging machines [31]. The forging energy/load can also be
determined by using the plan or projected area of the forged
part (A, [45, 53, 54], which is the projection of the part on
the forging plane. Having determined the forging machine, the
machine unitary cost (c,,.), together with the labour unitary
cost (c;), and the energy cost (c,), are used to calculate the cost
related to the machine item [31, 44, 45, 48, 51, 53, 54].
Always concerning to the geometric characteristics of the
forged component, dimensions (dp, (length (I, width (wy),
height (hy, thickness (t)) and shape (sj (e.g., axisymmetric,
prismatic) are used as cost drivers, since they affect the overall
process time [31, 38, 39, 40, 42, 45, 46, 47, 48, 66, 67, 73]
and the die cost (die material cost and die manufacturing cost)
[53, 54, 68].

Only a few works were focused on the size of production,
including in their model costs drivers such as batch size (B
and the production volume (PV), which affect, respectively,
the setup time [31, 44, 59], and the equipment cost (die cost)
[50, 53, 54]. Less widespread as cost drivers are the forged
part feature (Fy) (e.g., hole, bosses, 1ibs) [34, 42, 55, 66].

Table 8 summarizes the contributions in defining the key
parameters for cost models concerning the equation type used
in the cost model. The equations are classified into five
categories:

1. linear with one variable at a time: the model is based on
one or more first-order equations that consider only one
cost driver for each equation at a time.

2. linear with more variables at a time: the model is based on
one or more first-order equations that consider two or
more cost drivers for each equation at a time.

3. non-linear with one variable at a time: the model is based
on one or more equations that are higher/lower-order than
first, and only one cost driver is considered for each equa-
tion at a time.

4. non-linear with more variables at a time: the model is
based on one or more equations that are higher/lower-
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Table 8 Documents distribution

based on cost estimation method Author Equation type Cost drivers
together whit equation category
and cost drivers Analytical (26)
[43] linear with one variable My
[44] linear with one variable My Vi Ce, €1, ds S5 By
[31] not linear with one variable Mg Vi e, ¢, My, dj 55 Ay By PMI
[45] not linear with one variable M Vi dj s5 Ayr
[46] linear with one variable My Vi dj s By PMI
[47] linear with one variable M; Vi di s By PMI
[45] NA My Vi dy s B,
[49] linear with one variable NA.
[50] NA. My Vg PV
[51] linear with one variable My Vi d; s
[52] linear with one variable NA.
[53] not linear with more variables Mg Vi Ce, c1y My, dis 55 Aps By PV Fs PMI Ty
[54] not linear with more variables Mg Vi Cue, ¢, My, djs 55 Ay B PV Fg PMIL Ty
[55] NA. M; Vj d; B, PV Fy PMI
[56] NA. M; Vy dj s Fy
[57] NA: Cime, C1» Ce» M, 55 By
[58] NA. My dg s; Fy PMI, T
[59] linear with one variable M; Vi M, B; PV; PMI
[60] NA My Vi dy
[62] NA My Vs dy
[34] N.A. (neural network) My My, d; sz Fy PMI
[63] linear with one variable My Vi Ce, €1, Co By
[64] linear with one variable My Vi Ce, €1, Co, By
[65] not linear with one variable My Vi ds sy
[66] linear with one variable My Vi dys sz By PV PMI
Parametric (8)
[67] linear with more variables Mg Vi M, di; s¢
[68] not linear with one variable My Wy Vi sp
[69] not linear with one variable S5 Aps By PVy
[70] linear with more variables My
[37] linear with one variable Mg Vi sy
[71] N.A. (neural network) M dj sp
[72] linear with one variable Mg Vi sp
[32] NA, My Vs ds s
Featured based (4)
(73] NA. M; Vi dy s F PMI
[38] NA. My dj; sz PMT
[56] NA. My Vi ds 55 Fy
[74] NA. M; Vj di Fy PMI
Analogical (1)
[38] NA. M dj; sz PMI

Intuitive (-)

Knowledge based (4)

[39] NA. M; d; s; PMI

[40] NA: M; d; s; PMI

[41] NA, My Vi dy 5 By PV Fy PMI
[42] linear with one variable M; dj; sz Fy PMI
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order than first and two or more cost drivers are consid-
ered for each equation at a time.

5. Not applicable (N.A.): the equation was not reported, or
none of the above categories is applicable (e.g. adoption
of neural networks or genetic algorithms).

In all cases, the total cost is achieved by the sum of the
results for each equation.

As highlighted by this classification, the use of linear and
non-linear equations (supported by single or multiple vari-
ables) seems to be the most accurate approach to develop a
robust cost analysis in designing forged components. Forging
material type (Mf) is undoubtedly the most crucial driver in
the cost assessment when a single variable is adopted.
However, other drivers can be used to refine the final result,
such as the volume of the forged part (Vf), component
dimensions (df), and shape (sf). These additional drivers are
fundamental when the part presents a complex shape or when
the die is needed (i.e., closed die forging). The outcomes men-
tioned above are of interest when developing a specific model
for cost analysis of forged parts.

3.2 Forging technologies

Forging uses hammers or presses to squeeze and deform the
raw material (billet) into a high strength part. According to
[76], forging processes include (i) open-die forging, (ii)
closed-die forging with flash (conventional), (iii) closed-die
forging without flash (precision), (iv) coining, (v) rotary
(orbital) forging, (vi) radial forging, (vii) electro-upsetting,
(viii) hobbing, (ix) isothermal forging, (x) nosing, (xi) metal
powder forging, and (xii) upsetting and incremental forging.
Rolling, extrusion, and drawing processes were not addressed
in any work analyzed for this review. The open die forging
process allows manufacturing components with large dimen-
sions and optimal mechanical properties. Open die forging is
generally used for simple shape components [77] such as
shafts, rings, disks, bushings, end caps and shells [78]. On
the other hand, in closed-die forging, the metal piece is com-
pressed in an enclosed die impression to obtain a near-net-
shape part. The process temperature classifies the technology
in hot-forging, warm, and cold-forging [79]. Different features
can be obtained applying hot, warm and cold forging and they
are summarized in Table 9. For example, cold forging allows
to reach high-precision dimensions with great surface quality
[82]. On the other hand, only workpieces with limited weight/
dimension can be processed. Hot and warm forging are less
precise in terms of tollerances, a larger machining allowance is
needed and they usually require subsequent machining pro-
cesses (including finishing processes).

As a first result, the SLR highlights how many documents
were focused on the closed-die process (60 articles). Only a
few authors addressed open-die forging (4 papers).

Table 9  comparison of forging processes (based on temperature)—
excerpt of [80]

Product feature Forging process

Hot forging Warm forging  Cold forging
Workpiece weight 0.05-1500 kg 0.001-50 kg 0.001-30 kg
Precision IT 13-IT 16 IT 11-IT 14 IT 08-IT 11
Quality surface (Rz)  Upto 50 um  Up to 30 um Up to 10 pm
Forming cost [81] Upto 113% 100% Up to 147%
Machining required ~ High Low Very low

Concerning the remaining papers, cost models were per-
formed without considering a specific technology. Referring
to the process temperature, a different distribution of works
was noticed in the literature analysis. In particular, 52 docu-
ments were developed for hot forging, 13 were developed for
the cold process, while only five papers referred to a warm
cycle. It is worth noting that process temperature (warm and
cold forging) was not addressed under the umbrella of open-
die forging, powder forging, and radial forging, which belong
to hot processes.

Among the several processes belonging to closed-die forg-
ing, Gronostajski et al. state that the development of the mod-
ern die forging industry will be directly related to the devel-
opment of precision forging [78]. In this case, the geometrical
accuracy limits the material consumption and the machine's
occupation while improving the mechanical properties.
Machining costs are usually negligible for cold forging, a
near-net-shape process requiring a lower amount of raw ma-
terial [83]. Generally, closed-die cold forging allows better
surface roughness and tight tolerances than hot forging.
However, cold forging causes higher wear of the dies, and
then a shorter life, concerning the hot forging. Thus, in cold
forging is demonstrated that an essential item for cost analysis
is the cost of the die/equipment [43, 50, 68], which is a com-
bination of other drivers such as the die material (M) and the
die volume (V,), as mentioned in the previous chapter. The
review also shows how in cold forging, and in general in
closed die forging, the batch size (B [44] and the production
volume (PV)) significantly affect the choice of the process type
[50, 53, 54]. The items mentioned above are considered crit-
ical parameters for evaluating the die cost's importance in each
manufactured part.

Moreover, the setup time is another crucial driver directly
connected to the number of steps required to perform the
overall process. As shown for some case studies (i.e., a
steering yoke), the cold forging process allows reaching the
necessary accuracy requirement and the possibility to avoid a
subsequent machining process about the hot forging [84].
Thus, beyond the geometric characteristics of the part, such
as dimensions (dy and shape (sy, the forged part features (Fy)

@ Springer



2612

Int J Adv Manuf Technol (2021) 117:2601-2625

(e.g., hole, bosses, ribs) and the product manufacturing
information (PMI) (tolerances and roughness) constitute a
fundamental pillar for the definition of a closed-die cost mod-
el. Precision hot forging in respect of conventional forging
allows better material utilization, reduced cost of cutting (flash
removal), and the integration of heat treatment in the process
[85]. While cold forging is used with common, non-ferrous
alloys, low carbon and low alloy steels, warm forging is used
for medium carbon, high alloy steels and more complex
shapes [86]. This outcome reflects the fact that different ma-
terials have different forgeability, which affects temperatures,
energy and load required for deformation, and then the cost of
labour, the cost of machine for operations (cutting, heating,
forging) and the equipment cost (die cost). Case studies refer-
ring to the cost estimation of warm forged parts are mainly
simple geometries such as flanged cylinders [87, 88] and
bevel gears [85, 89].

On the other hand, the cost analysis of open-die forging
technology was debated by two recent works [31, 72].
Campi et al. proposed an analytical model that uses as input
the part's geometrical features to calculate the time and the
cost required for the process. Martinelli et al. developed a
parametric cost model for a specific family of forged compo-
nents (discs of a gas turbine). Both approaches tried to cover
the gap highlighted by other works, encompassing all the
phases required to perform the forging process (i.e., cutting,
heating, and upsetting). Similarly, Harzendorf et al. studied
the manufacturing costs of a wind turbine where the shaft is
produced by open die forging technology [51]. In this specific
case, the cost model tackles the material cost related to the raw
material, without providing a detailed definition of all the
other cost items involved in the manufacturing process.

Few works were focused on cost estimation of forging
technologies different than closed- and open-die (i.e., powder
forging). Powder forging is a process in which an unsintered,
presintered, or sintered powder metal preform is forged in a
confined or trapped die [76]. The powder forging process has
a lower level of precision and roughness than precision forg-
ing but higher than conventional closed-die hot forging [90].
According to Altan et al., powder forging has virtually no
material waste and produces near-net-shape products [91].
However, metal powder is more expensive compared to con-
ventional materials. Nakagawa et al. use machining chips as
material and powder forging to reduce the cost of a hot-forged
drive flange achieving the same mechanical properties of part
manufacturind with bulk material [62]. Although the powder
forging process is usually more expensive than conventional
techniques, the part manufactured with this process allows a
cost reduction of approx. 25% thanks to the following aspects:
(1) the cost of the chip is less expensive (1/3 of the bulk ma-
terial), and (ii) a less amount of material is used. Table 10
summarizes document distribution in terms of forging tech-
nology (both process and temperature).
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Based on this overview related to the forging technologies
and the relation to the manufacturing cost assessment, it is
possible to conclude that forging technology does not affect
the cost model's choice. Indeed, there is a random distribution
of papers developed by using different quantitative models
(i.e., analytical, parametric and feature-based). However, even
if the model’s choice is not essential with the type of forging,
the selection of cost-drivers to include in the model is charac-
terized by the process. Some cost-drivers are common to all
technologies and cost models, such as the material, the geo-
metric features of the part, and the product manufacturing
information (PMI). The main difference between the analyzed
technologies recalls the use of these parameters for the cost
calculation. For closed-die forging, due to the importance of
the die cost, geometrical inputs such as dimensions (df), shape
(sf), forged part features (Ff) (e.g., hole, bosses, ribs), as well
as PMI (tolerances and roughness), play a critical role. On the
other side, for open-die forging, forging material type (Mf) is
the key parameter. At the same time, geometrical inputs are
used to assess the machine occupation and process time.

3.3 Material

The forging material influences the design of the forged piece
and the selection of the forging process. This third topic of the
analysis deals with characterising the influence of the material
type on the cost analysis and how this driver affects the overall
model accuracy. According to some authors, the material gen-
erally accounts for more than 50% of the manufacturing cost
of a forged component including material waste in the form of
flash and scale losses [32, 53, 54, 60]. Besides, the material
affects the forgiability, which represents the ability of a metal
to deform without failure, regardless of the magnitude of load
and stresses required for deformation. The forgiability influ-
ences the design of the forging part and the parameters of the
entire forging process. Material affects draft angle, tolerances,
web-thickness, allowances, and other design characteristics
[48]. As discussed in the previous Section 3.1 the forging
material type (Mf) is the most widespread cost driver used in
developing the cost estimation model.

Each material has a specific forging temperature and re-
quires a given time to achieve the desired temperature; thus,
the heating time cost is affected by material [31]. For example,
considering a steel stock with a diameter less than 75 mm, the
heating time necessary to reach the set temperature for 25 mm
of piece length should be approximately 5 minutes for low-
carbon and medium-carbon steels and around 6 minutes for
low-alloy steels [76]. Material forgiability affects the magni-
tude of load necessary to deform the piece and then the cost of
this operation. To evaluate the influence of material on load/
force required for piece deformation, generally, authors use
multiplying/load factors [45, 53, 54] or strain rate strength
[31]. Although the material is a crucial parameter in the final
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Table 10 Documents distribution based on forging technology (in brackets the number of documents per category)

Forging process Forging temperature

Hot forging (37) Warm forging (2) Cold forging (-)

Closed die forging conventional (39) [92] [93]

[83] [89]

[93] [86]

[91]

[67]

[43]

[44]

[73]

[94]

[95]

[96]

[45]

[46]

[47]

(48]

[97]

[98]

[99]

[90]

[50]

[100]

[101]

[102]

[103]

[104]

[53]

[54]

[55]

[57]

[105]

[84]

[106]

[107]

[108]

[74]

[109]

[110]

Hot forging (13) Warm forging (3) Cold forging (13)
Closed die forging (precision) (25) [93] [93] [116]

[91] [85] [83]

[111] [87] [93]

[112] [68]

[69] [90]

[70] [103]

[85] [117]

[104] [118]

[113] [84]

[58] [87]

[114] [119]

[115] [65]

[74] [86]

Hot forging (4) Warm forging (-) Cold forging (-)
Open die forging (4) [31] - -

[51]

[72]

[74]

Hot forging (1) Warm forging (-) Cold forging (-)
Radial forging (1) [56] - -
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Table 10 (continued)

Forging process

Forging temperature

Hot forging (37)

Warm forging (2) Cold forging (-)

Hot forging (5)
[91]
[47]
[90]
[62]
[86]

Powder forging (5)

Cold forging (-)

Warm forging (-)

cost assessment, cost models described in the previous sec-
tions were developed independently from the material used to
manufacture the part. For this reason, the cost models are
mostly applicable to all types of materials used in the forged
industry. However, some case studies were reported in the
literature analysing the effect of a specific material in the cost
estimation model. For example, Yu et al. developed a cost
estimation method of forged parts manufactured with alumin-
ium alloys [66]. This dedicated model examined the chal-
lenges in aluminium process selection, such as material work-
ability. The classification of materials used for the case studies
described within the analyzed papers was carried out on the
same subject. In particular, most of the case studies were fo-
cused on carbon steel and aluminium alloy. In contrast, few
articles were focused on superalloy (titanium or nickel alloy)
or even more exotic materials. This outcome is related to the
prevalence of forged components made by carbon steel and
aluminium alloy. Table 11 reports the classification of works
based on the material used for the case study.

As highlighted by this classification, the material is the
characteristic feature to consider in the forged component de-
sign and reliable cost analysis. Despite the raw material ac-
counts for more than 50% of the manufacturing cost and it
affects many items of the cost model (i.e., material, machine,
equipment and energy), cost models do not require to be
adapted for each specific material. This is an interesting out-
come retrieved by the literature review about this topic.

3.4 CAD-linked method—use of product shape and
geometry inputs

The product shape and geometry of the forged component
affect many items of the forging process, such as the amount
of' material, the forces required for material deformation, or the
cost of the die. From the literature analysis, it appears that a
critical aspect for the development of a cost model is the prod-
uct geometry. Indeed, it is challenging to build a model valid
for any shape and geometry. Therefore, many studies focus on
a particular type of forged component, such as axisymmetric
components [31, 44, 97-99, 120], prismatic components [73],
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components with double T sections [65], or even cup-shaped
part [121]. Most of the analyzed works focused on axisym-
metric components due to their limited complexity compared
to others. Axisymmetric features can be simplified by consid-
ering only two dimensions, thanks to their symmetry [31].

In other cases, the cost models were defined for a specific
type of component which has the same features in terms of
shape and geometry, such as connecting rod [91], gear [85, 89,
111], shaft [37, 51, 113], blade/airfoil [71, 92, 112, 115],
turbine disc [72], flange nut [114], spindle [104], flywheel
[112], and bracket [57, 62]. The clustering of shapes and ge-
ometries in a specific component allowed more accurate cost
models starting from the same geometrical information.
Table 12 reports papers clustering concerning the shape and
the type of component analyzed within the paper.

As a general outcome of the literature review related to this
topic, cost models are sensitive to the shape and the geometry

Table 11 Material distribution in case studies (in brackets the number
of documents per category)

Category Documents

Steel alloy (12) [43]
[46]
[51]
[103]
[121]
[58]
[84]
[87]
[62]
[89]
[119]
[65]
[91]
[50]
[100]
[113]
[66]
[92]
[94]
[47]
[57]

Aluminium alloy(4)

Superalloy and other materials (4)
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of the product under analysis. Indeed, product geometry
affects several cost items such as machine and equip-
ment. The forging time required to produce the part is
strongly related to the shape and the time necessary to
perform auxiliary operations (i.e., heating, cutting, ma-
chining). It would be beneficial from a technical point
of view to link product features with the analysis of
CAD models used to derive geometric information (da-
ta input) [122]. This practice will permit to fill up the
cost models with geometrical inputs automatically.
Thus, the link with the CAD model seems an efficient
solution to minimize designers’ effort about the accura-
cy of the results. This is a useful tip retrieved by the
literature review about this topic.

3.5 CAE-linked method—use of simulation output

The ever-increasing costs of material, energy, and especially
workforce require that forging processes and tooling be de-
signed and developed with a minimum amount of trial and
errors with the shortest possible lead time. Therefore, the ap-
plication of computer-aided techniques, i.e., CAM, CAE, and,
especially, FEA-based computer simulation is a mandatory
task when a forged part is designed. Implementing this tech-
nique requires a thorough knowledge of the principal vari-
ables of the forging process and their interactions. The first
examples of finite element method applied to forged compo-
nents and coupled with cost analysis appeared before 2000
when the FEA systems and tools have been consolidated in

Table 12 Documents distribution
based on the shape of forged part

(in brackets the number of
documents per category)

Shape category Component type Documents
Multi-shape (3) General (3) [45]
[53]
[54]
Axisymmetric (19) General (8) [44]
[31]
[97]
[98]
[99]
[120]
[32]
[108]
Gear (3) [111]
[85]
[89]
Shaft (4) [51]
[56]
[37]
[113]
Turbine discs (1) [72]
Flange nut (1) [118]
Spindle (1) [104]
Flywheel (1) [112]
Prismatic (4) General (1) [73]
Bracket (2) [57]
[62]
Connection rod (1) [91]
Double T sections (1) General (1) [65]
Cup-shaped part (1) General (1) [121]
Freeform part (4) Blade/Airfoil (4) [92]

[71]
[115]
[114]
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the engineering departments of manufacturing companies [44,
50, 58, 85, 100-102, 108, 114, 119, 123]. An interesting ap-
plication of CAE for cost estimation was provided by devel-
oping commercial finite element software (DEFORM) to de-
termine the best fillet radius for formability [58]. Several can-
didate processes (forging plus machining steps) were selected
for evaluation in an economic decision matrix to define the
best configuration (process) according to the cost. Berlioz
et al. developed a CAE simulation tool based on quasi-static
evolution of metal flow and deformation. It was used for cost
estimation of components realized with closed-die forging
technology [44]. The system was focused only on axisymmet-
ric parts and based on component size and shape, calculating
the geometric features needed for forging, such as draft angles,
machining allowance, flashes, and fillet radii. The developed
tool simulates the part deformation during the forging process,
estimating force and energy required by the hammer, which is
essential information about the process's cost as discussed
previously. All the calculated parameters using the FEA tool
were then transferred to the cost estimation model to assess
product cost. More often, CAE tools were used for the struc-
tural analysis of the die, to estimate the useful life which also
has an impact on the manufacturing cost [84, 91, 101, 102,
115].

However, when FEM and FEA tools were coupled with
the process analysis, the component’s cost assessment as-
sumed a secondary role within the research. Table 13
summarizes all documents where the CAE tool was used
specifying the scope of FEM/FEA optimization, and the
part type or the shape analyzed.

The literature review analysis referred to this topic high-
lights how simulation tools (i.e., CAE tools) are consoli-
dated in the forging industry. It allows predicting the ma-
terial flow and deformation during the process. These as-
pects are related to the cost, such as the machine and equip-
ment cost items. However, the simulation process’s output
was not used as an input parameter for the cost models.
This outcome shows how cost analysis in the early design
phase requires inputs closer to the design requirements
than engineering activity results. Thus, the CAE systems
are usually used downstream of the cost assessment for
process optimization.

4 SLR results

Following the outcomes of the literature review, different con-
siderations can be done. First of all, several works attempt to

Table 13 List of documents which discuss CAE (in brackets the number of documents per category)

Documents CAE type Used for Forged part type/shape

[91] FEM/FEA Preform design and tooling concept Connecting rod

[111] FEM/FEA — CAM Forged part design and forging load Gear

[112] FEM/FEA Component form errors-design, elastic analysis of part and die design Flywheel

[44] CAE generic Forging load Axisymmetric components
[70] CAE generic Energy consumption Not a specified type or shape
[85] FEM/FEA Forging load, design of the part and design of the die Bevel gear

[50] FEM/FEA Forging load and heating time Connecting road

[100] FEM/FEA Forged part design Knuckle arm

[120] FEM/FEA Forged part design Wheel

[101] FEM/FEA Die design Not a specified type or shape
[102] FEM/FEA Flow simulation and die design Not a specified type or shape
[58] FEM/FEA Forging load and forged part design Bracket

[84] FEM/FEA Forging load and forged part design Steering yoke

[114] FEM/FEA Preform part design and forging load Aerofoil sections

[115] FEM/FEA Die design Aerofoil sections

[89] FEM/FEA Preform part design Bevel gear

[119] FEM/FEA Forged part design Outer race

[65] FEM/FEA Forged part design and forging load I-beam

[108] CAE generic Forging load Axisymmetric components
[123] FEM/FEA Preform die design H shaped parts
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cope with cost analysis in the forging industry covering a wide
range of applications and related aspects (e.g. product geom-
etries, process simulation, metallurgy, technology). This topic
started to be debated long ago, as reported by different works
developed at the end of the “70s. The literature review results
were analyzed against the three research questions identified
within this review's primary objective.

Concerning the first research question—What are the most
reliable cost analysis methods in the engineering design of
forged components?—based on the definition of Niazi et al.
[19], cost models are classified in quantitative vs qualitative.
The literature analysis showed how quantitative methods are
dominant compared with the qualitative ones (36 and 5, re-
spectively). The rationale behind this outcome is the quantita-
tive models' accuracy that usually offer lower uncertainty and
better correspond with the actual costs. Among the quantitative
methods, analytic models were described in 25 papers. In com-
parison, parametric and feature-based models were presented
respectively only in 9 and 3 articles. Cost drivers of each model
were identified, allowing to define most essential criteria for
early cost estimation of forged components. According to [75],
a cost model could be organized through a specific framework
which classifies costs into six categories: (i) material, (ii) ma-
chine, (iii) labour, (iv) equipment, (v) consumables, and (vi)
energy. The most important criteria for developing a forging
cost model refers to the material used for the part and the
geometrical features of the part itself. Forging material type
(Mp) is undoubtedly the input parameter necessary to compute
costs of forged parts from review analysis. The forging mate-
rial affects the raw material cost and the cost of labour, the cost
of machine for manufacturing operations (cutting, heating,
forging) and the equipment cost (die characteristics, as material
and dimensions are in-fact a function of part material type).
The others essential factors to compute costs are referred to
part geometry: the volume of the forged part (Vy), the projected
area of the forged part (A, dimensions (dy, (length (Ip, width
(wp, height (hy, thickness (t9), and shape (sj). Through this
information, it is possible to define the cost of the material,
the types and dimensions of the machines (then their hourly
costs) and the duration of the operations. Other cost drivers
useful for calculating the cost, actually less used in literature
are: the batch size (By, the production volume (PVy, which
affect respectively setup time and equipment cost (die cost),
the labour unitary cost (c;), and the machine unitary cost (¢,,.).
A more in-depth insight into the cost models revealed how
analytic models appear more robust and lower uncertainty than
the parametric ones. The most important models to compute
the cost would be identified in the analytical category. Most
complete models are from [31, 53, 54], which cover all the
most crucial cost drivers previously identified. Others impor-
tant models of this category are from [44, 46, 47, 59, 66],
which cover the large part of previous cost drivers. Also inter-
esting is the cost model provided by Rehman et al. 1998

(belonging to knowledge-based approaches). Often not all of
the cost drivers previously identified are present in the early
phases. Parametric cost models seem to be more suitable for
early design stages (i.e. conceptual design) when the available
information is limited with a low level of detail. From a para-
metric point of view, the most interesting models are provided
by [67-69] and [32]. On the other side, analytic models
reached a high level of maturity. They are usually coupled with
CAD information (e.g., shape, size, dimensions, tolerances),
which feed the model’s cost parameters. Besides, analytical
models could be used to calculate other design requirements
(e.g., environmental indicators). Feature of the parts and their
properties could be related to dedicated indices (i.e., environ-
mental impact indices as CO2 emissions), calculated through
analytical models. However, the uncertainty characterization
of results and how to consider uncertainty for the decision-
making process during the design of forged components is still
an open issue.

Concerning the second research question—To what extent
forging manufacturing knowledge has been used to derive nu-
merical models and inputs for cost analysis methods?—the
following outcomes were retrieved. Cost-based approaches de-
veloped in the early ‘80s tried to address closed-die forging
technology because shapes and geometries created with this
manufacturing process are well-defined and known. For this
reason, the cost estimation models were developed based on
product shape, and considering the main cost items affected by
the shape (e.g., raw material costs, die costs, process costs). The
evolution of cost estimation approaches over the years has in-
volved two main aspects: (i) the analysis of more complex
shapes and geometries for the closed-die forging and, (ii) the
adoption of different models for open-die forging but limited to
simple geometries (i.e., axisymmetric parts). However, the rep-
resentativeness of these works is limited compared with other
technologies (i.e., casting) [30, 124—-127]. Indeed, the number
of papers developed on this topic suffers from different issues
that can be summarized as follow:

*  Open die-forging technology has a limited volume of pro-
duction and less predictable process sequence (e.g., the
number of strokes) compared with other traditional tech-
nologies (i.e., casting), making it challenging to develop a
generic approach and model for cost estimation.

» Forging technologies, like many other manufacturing
technologies, has had significant technological progress
and innovation, which is spread within experts and in-
siders of the industrial world but hidden in the scientific
community, probably due to confidentiality reasons of the
components produced (high-performance components for
strategic sectors such as oil and gas, acrospace and army).

* The multidisciplinary requirements of modern forging tech-
nology combined with the cost of laboratory infrastructures
and the significant amount of time spent to produce high-
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quality research publications are the main reasons for dis-
couraging researchers from working in this field.

* Forging technologies allow the production of high-
performance components. This manufacturing process is
used only in those cases when performances are more
important than costs.

» Forging technologies are incredibly complex manufacturing
processes, and the level of automation varies between pro-
duced components. In some cases, (e.g., open die forging of
axisymmetric parts), the process is characterized by a low
level of automation, while in other cases (e.g., cold forging
or precision forging), the process is hugely automatized.
This cause the impossibility to reach standardized cost
models that can be used for different components or shapes.

A more in-depth insight into the specific technologies (i.e.,
closed-die forging, open-die forging, hot-forging, and
cold/warm-forging) has been presented with different trends
over the years. Closed-die forging showed an asymptotic trend
which reveals the right level of maturity of cost estimation
methods and tools for this process. Researchers derived a lim-
ited interest from cold/warm-forging since only a few attempts
were discovered in the literature (15 papers in total). The rea-
sons behind this gap are (i) the limited development of the
process, and (ii) the difficulties in the prediction of process
parameters which are strongly related to material deformation,
and distortion. Indeed, this kind of process requires knowl-
edge from multiple disciplines such as engineering design,
metallurgy, and process simulation (technology). Materials
were analyzed in different methods, focusing on those mainly
used in forging such as steel alloy (12), aluminium alloy (4),
superalloy, and other materials (4).

Concerning the third research question—To what extent
virtual design tools have been investigated as potential inputs
for cost analysis methods?—the following outcomes were re-
trieved. Even if consolidated design tools (i.e., CAD, CAE)
are primarily adopted in design departments, some issues
about using these tools for cost analysis are still present. The
first one is the real integration of manufacturing process sim-
ulation with cost analysis and cost estimation. Besides, the
possibility to use cost estimation results for the implementa-
tion of Design-to-Cost actions is still an uncovered area.
Open-die forging showed an exponential trend with most of
the works confined in the last years. It gained particular rele-
vance for researchers with unexplored areas for future re-
search activities connected with cost and design activities.
The gap for this latter technology is related to the characteri-
zation of machines and presses to perform the process based
on the product features (mainly shape, size, dimensions, and
tolerances) and the definition of process steps including the
sequence of operations necessary to obtain the final piece. On
the other hand, the definition of the initial geometry and sizes
(raw material) was well debated in the literature. Forging
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process simulation seems to be the most interesting and prom-
ising solution to develop more reliable cost estimation results.
Indeed, coupling CAD modelling, process simulation, and
cost assessment, it is possible to gain a higher level of details
to assess manufacturing costs and, thus, to apply Design-to-
Cost strategies and reduce the overall cost of the process early
in the design phase. The CAD model is the input of software
tools for process simulation (e.g., FEM, CFD). Their output is
the input for cost assessment tools, providing a virtuous cycle
to perform a better product design. So doing, virtual
prototyping is the link of the chain between design and
manufacturing. The characterization of output parameters
and cost models need to be developed as well.

Evolution analysis of cost-related activities in the design of
forged components was done to investigate future research
potential. The synthesis of this content, obtained from the text
analysis results on the qualitative insights and the correspond-
ing quantitative data, is presented in Fig. 3. In particular, Fig. 3
shows (i) the relevance of the estimated topic—reflected by
the size of the bubbles, (ii) the research topic share (RTS)—
reflecting the impact within the horizontal axis, and (iii) the
research topic growth potential (RTGP)—reflecting the need
for further research within the vertical axis.

The size of bubbles illustrates the total number of publica-
tions for each specific topic within the period investigated.
RTS is calculated by dividing the number of publications of
the particular topic within the last decade (2010-2019) by the
total number of publications considering the overall review
objective. RTGP is calculated by applying the least mean
square method with the number of publications per topic and
year during the last 10 years. The use of the previous 10 years
for calculating the RTS indicator reflects the initial breakdown
of the analysis in four decades, considering a decade a reason-
able period of observation for this analysis.

The least mean square used to compute the RTGP indicator
allows catching the overall trend of topics over the years. The
formula used for calculating the RTGP is reported in Eq. 1:

X Yiny XY,
(XX -ny(X,)?

where:

RTGP = (1)

* X is the i-th year of publication (i-t4 is the index for the
reference period—from 2010 to 2019)

* Y;is the number of papers published within the i-th year (i-
th is the index for the reference period—from 2010 to
2019)

* n is the overall number of years in the period of analysis
(10 [years])

Tables 14 and 15 summarized the data used for the calcu-
lation of RTS and RTGP indicators.
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By applying the mentioned equations and the graphical
representation obtained by developing a bubble chart, it is
possible to divide the map into two main areas. The upper-
right part of the graph reflects topics needing further investi-
gation and has received consideration within the literature.
The bottom-left part of the chart demonstrates topics that have
not been well considered throughout the literature and have
low potential growth as they do not have the scientific
community's interest.

Results from Fig. 3 highlighted how the upper-right part of
the graph is the most populated. This outcome suggests how
most of the five topics (T1, T2, and T4) were well addressed
through recent publications. However, they still need further
developments and improvements. Looking at each specific
topic, T1 (cost function and key parameters) reflects tremen-
dous importance considering the overall number of publica-
tions and considering the research potential growth. It means
that the models and the driven parameters used to estimate and
characterize the cost are critical aspects of the design and
development of forged products. The technical evolution of
this topic is mainly based on analytical and parametric models
where the definition of cost functions moves towards non-
linear equations that seem to be more reliable and able to close
the gap in the accuracy between the estimated and the real

Research Topic Ghrow Potential (RTGP)

result. Adopting a single variable at a time and multiple
drivers (including the geometrical one) also seems beneficial
to this aim.

Some lacks are present within the literature, and further
investigation by the research community is required for
this topic.

Referring to topic T2 (forging technologies), the type of
process received the most significant importance considering
the overall number of publications. Again, T2 is close to the
upper-right area of the graph. It has good potential for further
investigation, recalling that forging technology is an essential
feature in characterising cost activities when a designer ap-
proaches a forged product. The technical evolution of the
works shows how emerging technologies (i.e., precision forg-
ing) are gaining more interest, as well as the possibility to
capture the engineering knowledge for consolidated technol-
ogies (i.e., open die forging) where this knowledge is tacit and
spread among employers and technical figures inside the com-
pany. Topic T3 (material) has limited potential for further
investigation; however, this topic requires a more in-depth anal-
ysis. Indeed, the overall number of publications recalling this
topic is low and looking at the RTGP indicator (Fig. 4), it is
possible to notice that even if the trend is increasing over the
years, this is not statistically significant due to the overall

Table 14 Research topic share

(RTS) data Topic

Overall number of papers
(years 1977-2019)

Number of papers in the last RTS
decade (years 2010-2019)

T1 Cost function and key parameters

T2 Forging technology
T3 Material

T4 CAD-linked method
T5 CAE-linked method

41 14 0,34
61 15 0,25
21 6 0,29
32 12 0,34
20 2 0,10
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Table 15  Research topic growth potential (RTGP) data

Topic Number of papers per year RTGP

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

T1 Cost function and key parameters 1 0 1 1 2 0 3 3 1 2 0,18
T2 Forging technology 1 1 1 0 2 0 1 5 1 2 0,18
T3 Material 0 1 0 0 0 0 1 2 2 0 0,12
T4 CAD-linked method 1 0 1 0 0 0 2 3 2 2 0,24
T5 CAE-linked method 0 0 0 0 0 0 1 0 1 0 0,06
Fig. 4 RTGP indicator for the
five topics TI T2
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5 3
3 X X
y=0,1818x + 0,4 4
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number of publications which is very low for this topic. From a
technical point of view, only specific applications (i.e., case
studies) were recently developed concerning this topic. This
outcome reveals how T3 is a topic with potential interest for
researchers and practitioners looking at the development of forg-
ing components and their implications on cost activities, even if
the relevance of this topic was very low in the last decade.

Considering the topics T4 (CAD-linked method) and T5
(CAE-linked method), they present approximately the same
relevance within the literature (similar bubble size) but the
opposite impact (RTS). They need further investigation
(RTGP). The location of T4, in the top-right corner of the
graph, represents a fascinating research topic with high poten-
tial growth. It means that CAD is still a key tool in the devel-
opment of mechanical components manufactured with forging
technology, and the information available from CAD models
affect the definition of cost items and cost accuracy. The tech-
nical evolution of this topic refers to the possibility of adding
more geometrical data in the cost model to have a more accu-
rate result. Moreover, the opportunity to couple the two tools
(CAD and cost estimation) is another relevant evolution of
this topic for developing an integrated environment in
Design for Manufacturing.

Conversely, it seems that T5, located on the bottom-left
corner of the graph of the analysis for future research growth
potential, lost researchers’ interest concerning this review’s
objective compared to other topics. It means that the CAE
result does not bring additional inputs in assessing the cost
for this specific sector. Besides, looking at the RTGP indicator
(Fig. 4), the number of papers published in the last decades
about this topic is deficient. This outcome of the literature
review contrasts with the results highlighted within the ana-
lyzed documents. The CAE tool was depicted as critical to
cope with data accuracy and reliability of results in the cost
analysis of forged products. However, from the technical point
of view, the difficulty of reinjecting the knowledge gained by
the simulation process into the cost analysis does not signifi-
cantly benefit the accuracy of the cost analysis results.

5 Conclusions

The paper aims to critically review the design and engineering
activities oriented to cost analysis and cost estimation of mechan-
ical components realized by the forging technology. During the
literature review, 85 research items were analyzed, including 65
journal papers, 18 conference proceedings, and 2 conference
keynotes covering a broad timeframe (from 1977 to 2019).

The literature review was conducted to collect relevant
trends (topics) on this primary objective, giving deep insight
into the main contributions to the research and future perspec-
tives for researchers and companies/manufacturers. Topics
were defined based on the technical issues summarized by

the three research questions used to guide the review and
retrieved by the practical needs of practitioners in this field.
The SLR provides an overall framework supporting cost-
related activities in developing complex products that require
to be manufactured by forging.

Referring to the first research questions, quantitative
methods, and analytical and parametric ones are the most re-
liable cost analysis methods in the engineering design of
forged components. Among quantitative methods, analytical
methods are more spread than parametric and feature-based
ones (respectively 25 vs 9 vs 3). Analytical models provide
better performances than other methods in terms of accuracy,
robustness, scalability, and uncertainty. The adoption of ana-
lytical models allows achieving an accurate cost estimation to
increase the level of granularity. Indeed, using a product de-
composition structure, cost items associated with production
processes can be included or neglected based on the type of
assessment and the available information (i.e., the design pro-
cess phase). Besides, the analytical methods allow knowing
the share of each cost item described within the model.

Referring to the second research question, manufacturing
knowledge is considered the main driver in the definition of
numerical models and inputs for cost analysis methods. Few
drivers were identified as the key parameters to include in the
cost model, such as the forging material type (Mf), the volume of
the forged part (Vf), component dimensions (df), and shape (sf).
These cost-drivers are responsible for the robustness and reliabil-
ity of the cost model (no matter if it is linear or non-linear). In
contrast, other cost-drivers can be included to refine the model
and to increase the level of confidence of the model, reducing the
gap between the estimated and the actual one. Case studies were
well debated in the literature (i.e., gears, shaft, turbine discs,
flange nuts, spindles, brackets, and blades) showing that forging
cost models work well for products with similar geometrical
features. Several attempts were made from the same product
family to generalize the model based on the geometry analogies
(e.g., axisymmetric parts, prismatic parts). However, due to the
specificity of geometries realized with forging processes, cost
models seem not to be completely generalized, creating a tool
that can develop any component independent from the geometry.
Thus, handling component geometry for predicting costs in the
early design phase remains an open issue in this field. Outcomes
from the 3D modelling such as geometry, shape, volume, dimen-
sions, and additional manufacturing information (i.e., tolerances
and roughness) need to be clustered to provide the basis for
developing numerical models for more accurate costs analyses
and reliable results of cost estimation.

Referring to the third research question, virtual design tools
were mostly investigated as potential inputs for the cost anal-
ysis method. However, several lacks were retrieved
conducting this review. The first one is establishing a better
cost evaluation using CAD features such as the parametriza-
tion of cost items concerning the technology and design
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parameters. Indeed, the link between the design parameters of
forged components and the forging processes’ technological
features was not adequately addressed. Another outcome is
related to the adoption of engineering tools (i.e., CAE)
coupled with the analysis of cost during the product develop-
ment of forged components. CAE analysis results can be
reinjected as input parameters of the cost model to fit better
the process and all the aspects related to the manufacturing
costs. However, this latter shows some limitations since sim-
ulation results need further manipulation before being entered
as input parameters in the cost analysis model. Moreover,
CAE simulation is usually a subsequent task referring to the
cost assessment phase.

In conclusion, there are still some open points that can be
further investigated by researchers in the field of a cost analysis
of forged components. The first one refers to developing inno-
vative models for a robust assessment of cost starting from reli-
able approaches (i.e., analytical and parametric). As also noticed
in other manufacturing fields, parametric models, such as ma-
chine learning, can be adopted to develop innovative tools to
capitalize on past experiences and avoid design mistakes.
These approaches will translate implicit (tacit) knowledge into
explicit knowledge that can be used for cost analysis and imple-
mented into Design-to-Cost and Design-for-Manufacturing
tools. Indeed, knowledge engineering in the forging context is
still a critical issue. The second one refers to the geometrical data
input (cost-drivers and parameters); even if additional cost-
drivers count less than 10% in the accuracy of the model, the
possibility to create an integrated design environment where de-
sign tools (i.e., CAD tool) and cost estimation tool are linked is of
great interest for the academic and industrial world. A gap in
available solutions is noticed with this review.
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