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Abstract

Open-die forging is a manufacturing process commonly used for realising simple shaped components with high mechanical
performances and limited capability in terms of production volume. To date, an analytical model for estimating the costs of
components manufactured with this technology is still an open issue. The paper aims to define an analytical model for cost
estimation of axisymmetric components manufactured by open-die forging technology. The model is grounded on the analysis of
geometrical features available at the design stage providing a detailed cost breakdown in relation to all the process phases and the
raw material. The model allows predicting product cost, linking geometrical features and cost items, to carry out design-to-cost
actions oriented to the reduction of manufacturing cost. The model is mainly conceived for design engineers, cost engineers and
buyers, respectively, for improving the product design, the manufacturing process and the supply chain. Cost model and related
schemas for collecting equations and data are presented, including the approach for sizing the raw material and a set of rules for
modelling the related cost. Finally, analytic equations for modelling the cost of the whole forging process (i.e. billet cutting,
heating, pre-smoothing, smoothing, upsetting, max-shoulder cogging, necking and shoulders cogging) are reported. The cost
model has been tested on eight cylindrical parts such as discs and shafts with different shapes, dimensions and materials. Two
forge masters have been involved in the testing phase. The absolute average deviation between the actual and estimated costs is
approximately 4% for raw material and 21% for the process. The absolute average deviation on the total cost (raw material and
manufacturing process) is approximately 5%.

Keywords Hot forging - Cost estimation - Open-die forging - Cost model - Design features - Manufacturing parameters -
Design-to-cost

1 Introduction and state-of-art
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Marco Mandolini perature, employed during forging operations, classifies the

m.mandolini @univpm.it

Claudio Favi
claudio.favi@unipr.it

Emanuele Checcacci
emanuelel.checcacci@bakerhughes.com

Michele Germani

m.germani @univpm.it

Universita Politecnica delle Marche, Via Brecce Bianche 12,
60131 Ancona, Italy

Universita di Parma, Parco Area Delle Scienze 181/A,
43121 Parma, Italy

Baker Hughes, Via Felice Matteucci 2, 50127 Florence, Italy

technology in hot forging and cold forging [27]. Another typ-
ical aspect of this process is the use of hammers or presses to
squeeze and deform the material into a high strength part. The
deformation could be achieved using flat or simple dies that
do not completely enclose the material or into complex and
shaped dies. In the first case, the process configuration is
called open-die forging, and in the second one, the process
configuration is called closed die forging. The open-die forg-
ing process can be divided into various phases, as shown in
Fig. 1.

The open-die forging process is commonly used for
medium-high heavy components (from few kilogrammes to
several tons), realised in small batches (from one to few
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Fig. 1 Manufacturing process SCOPE OF WORK
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dozens of pieces). This process does not require complex
shaped dies as for closed die forging, while simple tools, such
as flat or round dies and blades, are generally used. The eco-
nomic value of such components is generally high since the
high raw material rate and energy consumption. For these
reasons, it is crucial to estimate the production cost in the early
phases of the engineering design process. The design of open-
die forged products is a long and iterative process [38]. It is
well known that, although the design activity costs approxi-
mately 10% of the total budget for a new project, typically
80% of manufacturing costs are determined during the design
stage [41]. A key target in product design is the cost
minimisation, without preempting the desired level of quality,
functionality and value [2]. During the product development
process (PDP), cost plays a critical role and drives most of the
technical and technological solutions [18]. Cost reduction can
be achieved by adopting different strategies: cost-efficient de-
sign, improve manufacturing performance, increase suppliers’
competition and delocalised production in emerging countries
[46]. Cost estimation is a design task which allows evaluating
the production costs before the manufacturing process, pro-
viding a classification of cost items both for the materials and
the manufacturing processes [32, 33]. Mathematical model is
necessary to derive cost assessment, and cost items are col-
lected together within the model by the means of mathemati-
cal function [25]. Cost estimation is considered the first step to
develop the so-called design-to-cost (DtC) strategy, which
aims at the reduction of product cost during the PDP [16, 19].

The methods developed for cost estimation can be grouped
in two main families: (i) qualitative methods, which are based
on a comparative analysis of a new product and an existing
one and (ii) quantitative methods, which are based on a de-
tailed analysis of the product design, including its features and
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corresponding manufacturing processes [37]. Qualitative cost
estimation approaches include knowledge-based and intuitive
methods, which are grounded on the estimator’s experience
and, analogical methods, which are based on the manufactur-
ing process similarity between the product to be designed and
previously estimated products [2]. Quantitative cost estima-
tion approaches include analytical methods, which use geo-
metric features as the basis for cost estimation, and parametric
methods founded on the relations between product character-
istics and their cost [10].

In the context of parametric methods, the scientific litera-
ture is characterised by several scientific papers aiming at
applying and evaluating the performance of data mining, ma-
chine learning and artificial intelligence approaches for cost
estimation during the preliminary design phases. In the past,
these approaches have been developed for cost analysis in the
management of complex projects, such as the development of
equipment for TFT (thin-film-transistor) and LCD (liquid
crystal display) monitors [10] and the creation of highways
[22]. The main commonly used artificial intelligence tech-
niques are fuzzy logic models, artificial neural networks, re-
gression models, case-based reasoning, hybrid models, diction
tree, random forest, supportive vector machine, AdaBoost,
scalable boosting trees and evolutionary computing such as
genetic algorithm [13]. Recently, these techniques, based on
artificial intelligence, are also being used for estimating the
cost of individual components of industrial products, as
highlighted in Loyer et al. [26]. These methods offer promis-
ing results in the context of parametric methods for cost esti-
mation. For example, the methodology proposed by
Elmousalami [14]—scalable boosting trees (XGBoost)—al-
lows reaching low levels of mean absolute percentage error
(about 9%) and high correlation coefficients (0.93). However,
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the use of artificial intelligence-based methods for the analyt-
ical assessment of the production cost of industrial products is
still very limited [24]. The algorithms are complicated and
opaque to the stakeholders (so much so that the estimator
could not explain the model workings to the stakeholders in
a short easily grasped elevator speech). If on the one hand,
they can be beneficial during the early design stages, when a
detailed production cost breakdown is not required; on the
other hand, they are not accurate enough to estimate the cost
of a product by simulating the production process. During the
detailed planning or even during the procurement phase, it is
necessary to understand the reasons that led to the determina-
tion of the cost in order to facilitate the negotiation phase with
suppliers. This is the main limitation of these methods, and the
reason why analytical cost models are preferable in the early
stages of the design process. In the context of analytical cost
estimation methods, research works are focused on defining
cost models for specific manufacturing processes, such as chip
metal forming [8], sheet metal [42], injection moulding [15],
sand casting [11] and high pressure die casting [17]. Few
attempts were made to estimate the cost of forged parts.
Berlioz et al. [5] proposed a procedure for hot-forging cost
estimation based on the volume of material and the required
energy to deform the part. Kukhar et al. [29] used computer
simulation (Deform 3D) to select the best strategy to reduce
forging force and material waste in closed die forging. They
added a preforming billet upsetting, which reduces the waste
of metal flash up to 22%, and the forging force more than four
times. Bariani et al. [3] proposed a methodology for estimat-
ing the initial and maintenance costs for cold forging tools,
moving the focus to the cost estimation process of forging dies
[6]. However, even if the cost of tooling is one of the most
impactful items in the overall component cost, other cost items
(e.g. material cost, machine cost) are missing. An interesting
approach has been given by Masel et al., which presented a
rough cost estimation method by mean of a parametric model
[31]. The parametric model provides an accurate estimate of
the forging die volume based on the part’s geometry, which is
one of the most significant cost drivers in the manufacturing of
axisymmetric parts. However, the available model for cost
estimation of forged components is incomplete and not accu-
rate (i.e. heating is missing from the estimation). Besides, each
forging process (e.g. open-die, closed-die) has specific fea-
tures and requires specific cost models. A lack in the assess-
ment of manufacturing cost for open-die forging technology
was observed in the state-of-art concerning the link between
geometrical features, manufacturing process parameters and
material properties.

Considering the advantages of using analytical cost models
and the absence of such ones for the estimation of open-die
forged axisymmetric components, this paper wants to cover
this gap in the scientific literature. The paper attempts to de-
fine an analytical model for cost estimation of axisymmetric

components manufactured by open-die forging technology.
The boundary of the proposed work is limited to the forging
technology (open-die forging), excluding subsequent process-
es (i.e. machining) which have an extensive literature in this
regard [8, 44, 45, 20]. The analytical model is grounded on the
evaluation of geometrical features which characterise the axi-
symmetric part. By using the geometrical product informa-
tion, the model allows providing a detailed cost breakdown
considering the manufacturing phases of the open-die forging
process and the material characteristics.

Based on the literature review, this is the first paper pre-
senting an analytical cost model for the open-die forging of
axisymmetric parts. The presented cost model contains equa-
tions that combine a set of different parameters belonging to
three categories: (i) geometrical features of the product under
design such as shape, dimensions, area and volume; (ii)
manufacturing aspects of the forging process such as machine,
process temperature, forces and number of strokes; and (iii)
materials properties such as strain rate strength and shear
stress.

The paper is structured as follows. Section 2 reports a de-
scription of the cost estimation model adopted for axisymmet-
ric parts manufactured with open-die forging technology (ma-
terials and methods). Section 3 describes how this model can
be adopted in a real case study: round discs and shafts of axial
compressors (case study). Section 4 summarises the outcomes
of the proposed approach (results and discussion), while
Section 5 ends the paper with benefits, drawbacks and future
developments in this field (conclusions).

2 Materials and methods

The open-die forging cost model presented in this work has
been made by combining several contributions retrieved from
the scientific and industrial literature, with the knowledge of
expert production technologists and cost engineers. The pro-
posed model was implemented in a specific cost analysis tool
[21] and used for automatically (through geometrical features
recognition algorithms) and analytically (by estimating
manufacturing processes) estimating production cost of com-
ponents from 3D CAD files.

The developed cost model consists of a combination of
data, rules and equations organised according to the frame-
work depicted in Fig. 2. The cost estimation process is origi-
nated from a set of features represented by the 3D CAD model
of the component to be analysed. The features are (i) maxi-
mum diameter, (ii) length, (iii) volume, (iv) material, (v) gen-
eral roughness, (vi) general tolerance and (vii) shape (implic-
itly represented by the 3D CAD model, in terms of the se-
quence of cylindrical spans with relative diameter and length).
In addition, the production batch should be considered be-
cause it influences production set-up phases. The overall
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Fig. 2 Open-die forging cost
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outputs of the cost model consist of raw material and process
cost. The latter is commonly split into six items, according to
the source of cost [9, 43, 23, 46]. This organisation is a result
of'the literature analysis, and it reflects the cost items generally
used in consolidated manufacturing technologies.

*  Machine cost: cost item related to the machine (or set of
machines) used for transforming a raw material in the final
component (e.g. hammer, furnace);

»  Labour cost: cost item related to the workforce employed
during the process (e.g. workpiece loading and unloading,
machine setting);
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*  Material cost: cost item related to those materials used or
generated during the process (e.g. scraps);

»  Consumable cost: cost item related to soft tools used dur-
ing the process (e.g. cutting tools, lubricant);

*  Energy cost: cost item related to the energy source (or set
of energy sources) required by a machine, its equipment or
tools (e.g. electricity, steam);

»  Equipment cost: cost item related to those systems required
for realising the process (e.g. fixture, jigs, dies, moulds).

Assumptions made by the authors for the open-die forging

cost model are repo

rted here below:
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» Labour, consumable and energy are accounted within the
machine cost item. Indeed, the hourly rate of each cost
centre accounts for all such contributions. The hourly ma-
chine rate also includes accessory items, such as the cost
of cranes or forklifts needed to move the forged parts.

* Equipment (e.g. customised die) is not required for open-
die forging, and then, they are not considered, because, in
the open-die forging of axisymmetric components, the
tools used are generally flat dies or bladed dies for specific
operations (e.g. necking). Indeed, during the open-die
forging operations, there is no need to change the die
whenever the forging characteristic (dimensions, features,
material) are changed. This is the opposite to what hap-
pens in closed die forging, where each type of component
has its die.

The cost estimation process presented in this paper is
based on six different repositories of knowledge and data.
Three of them (raw material, material and raw material
sub cost models) are mostly used for estimating the raw
material cost. The raw material database is a sort of cata-
logue containing the set of billets and ingots used by a
forging process. Materials database, instead, contains me-
chanical, physical and thermal properties (e.g. density, heat
capacity, strain rate), required for computing those
manufacturing process parameters, used for estimating
the process cost of each production phase. Raw material
cost models database is a repository of rules and equations
used for selecting and estimating the raw material cost.
Knowledge is organised in two sets: the first one is used
for managing ingots and the second one is used for billets.
Each cost model is defined by a list of validity rules (used
to establish when using ingots or billets), priority rules
(used for prioritising raw materials when both ingots and
billets are valid) and calculation rules (used for sizing the
raw material, compute waste and cost).

The process cost estimation is supported by three databases
containing respectively cost centres, process parameters and
process sub cost models. The first one is a sort of catalogue
which contains the list of cost centres, with relative parameters
(e.g. dimensions, power, cost rate), to be employed for a stan-
dard open-die forging process. The second one contains those
parameters (e.g. forging coefficients, cutting speed) necessary
for estimating the process cost. It is worth noting that such
parameters are estimated according to component features,
raw material and cost centres of the process phase where
employed. The process sub cost models database is a reposi-
tory of a structured set of information related to the auxiliary
processes and their cost models. Each one is defined by a list
of geometrical (related to the product features) and process
(related to process parameters) cost drivers, process validity
rules (used to establish when a cost model is valid), priority
rules (used for prioritising cost models when two or more of

them can be alternatively employed, such as the billet shearing
or sawing), calculation rules (set of equations used for com-
puting process cost drivers), cost centres validity rules and
priority rules (used for selecting the cost centre to be
employed for each process phase).

The overall equation used for estimating the total cost is
presented in Eq. 1. It considers the cost of raw material
(Cnateria)» billet cutting (Ceyying), billet heating (Cheaging) and
forging process (Crorging)- This cost model does not account
the cost of other operations such as machining and heat treat-
ments.

Ciot = Crnaterial + Ccutting + Cheating + Cforging (1)

The following paragraphs describe in detail each item. All
the symbols used in the following paragraphs are summarised
and described in Table 9.

2.1 Raw material cost
2.1.1 Design of raw material

The raw material cost of a forged component mainly depends
on the weight. Often, designers do not know the shape and
dimensions of the forged stock, because they are more focused
on the shape and dimensions of the finished part, generally
obtained with machining processes. However, for analytically
estimating the raw material cost, at least a rough design is
required. For axisymmetric components, like those considered
in this paper, the approach presented in Fig. 3 can be used for
generating a 3D CAD model for open-die forged components
starting from the shape of the finished part:

1. Identify the component axis of symmetry;

2. Compute the turning profile (polyline curve) of the fin-
ished part, according to the axis of symmetry;

3. Simplify the turning profile by removing details
(defeaturing). Indeed, open-die forging is not suitable
for realising small details (e.g. grooves, holes, fillets) be-
cause only simple tools are employed (e.g. flat dies);

4. Offset the turning profile using a value that depends by
material (the more the oxidation, the more the offset, for
compensating material loss) and distance from the axis of
symmetry (the more the distance, the more the offset, for
ensuring uniform tolerances);

5. Simplify the axisymmetric profile established in the pre-
vious step, by considering the physical constraints of the
process. For example, any cylindrical slot must have an
axial extension higher than the hammer size;

6. Revolve the axisymmetric profile, created in the previous
step, around the axis of symmetry, to create a solid body,
which volume is V.

@ Springer



1874

Int J Adv Manuf Technol (2020) 110:1869-1892

Fig. 3 Process for defining the
3D CAD model of an open-die
forged axisymmetric part. © 2020
Baker Hughes Company. All
rights reserved
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2.1.2 Type and dimensions of raw material

The raw material of a forging process, for axisymmetric com-
ponents, consists of round billets or round custom ingots [36].
The former is used for medium-sized components, which vol-
ume is less than 200 dm?>; otherwise, custom ingots are used
[39]. Dimensions of the raw material are computed according
to the systems of equations presented in Table 1. Diameter and
length of a billet are computed considering a slenderness

factor (law/draw) = 2 (required for avoiding billet axial flexion
during initial cogging) and the raw material volume (V). It
is worth noting that billets dimensions are standardised by
regulations. Hence, the diameter previously computed should
be rounded to the nearest value expected by billets handbook.
If the updated slenderness factor is higher than 3.0 or lower
than 7.5, a custom billet should be adopted.

Ingots (truncated cone shape) are used for significant
forged components, which volume is higher than 200 dm’.

Table 1 Raw material types and dimensions. © 2020 Baker Hughes Company. All rights reserved
Raw material type Validity rules Calculation rules
lraw Vioor = <7T i d%aw 1l ) . (1 + Sscate last)
stoc raw
; Vitock 4 100
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The shape is determined by Dy, draw and /., €ach one
related according to equations available in Table 1. Ingots
have two protuberances, one at each end, required for their
rotation during forging, which volume is around 10% of the
forged component Vi, [40]. Since ingots are custom-made,
it is not necessary to round dimensions previously computed.
The hot forging process generates material scale (loss of
material when heated over the scaling temperature, around
1200-1300 °C for steel), which quantity depends by its resis-
tance to oxidation. The billet and ingots sizes should consider
this loss of material through the scale factor Sy.aje 105t This
parameter depends on the material (e.g. is minimum for stain-
less steel) and shape (i.e. the bigger the volume/surface ratio,
the lower the scale factor). Here are reported some typical
values for a round billet (length/diameter = 2.0): 1.0% for
nickel alloy, 5.0% for carbon steel and 0.2% for aluminium.

2.1.3 Raw material cost assessment

Material cost (Eq. 2) is the most impacting cost item [28].
Material cost (Cpaterial) considers the cost of raw material
and the revenues from the scraps due to the recyclability of
the metals used in the forging process.

Chaterial = Cltmaterial - P - Vforgcdfcuscrap P Vscrap (2)

Clmaterial 18 the unitary price of virgin material, Vorgeq 18 the
volume of material required for the forging process, even con-
sidering extra material like protuberances, Cuigersp is the uni-
tary price of forging scraps, Vicap is the volume of scrapped
material and p is the material density. Scrap volume (Vicrap)
refers to the volume that can be recovered and which can be
resold with revenues. This is null for billets, whereas it is the
volume of protuberances for ingots.

2.2 Cutting cost

Cutting cost (Eq. 3) is the cost of a preliminary operation,
which is required only for billets (for ingots, this operation is
not necessary). The method of cutting off bars is determined
by the edge condition required for subsequent operations and
by the base area of the billet. Bar sawing usually produces a
uniform cut edge with few or no microstructure deformations
close to the cutting section. Separation of billets by shearing is
a process without material loss and with considerably higher
output rate than sawing, abrasive cutting or flame cutting.

Cutting cost (Ceuying) is the multiplication between the pro-
cessing time (¢) with the hourly machine rate (M.C,).

£
Ccutting =t-M.C, = (tcuning + % + tload/unload) -M.C, (3)
b

Geometric cost drivers (Table 2) for shearing and sawing
are the same ones, and they are related to the billet to be cut
(material M, billet diameter d,,,, and weight W) and to be
production batch (P,). Process cost drivers, instead, differen-
tiate a bit to each other. For sawing, the cutting rate is required
(Rcuting depends by the material and machine [12]), whereas,
for shearing, it is necessary the shearing force (Fgnearing)s
shearing temperature (7), material shear stress (Ygpear) and
the machine forging rate (M.n4yoxe)-

Shearing is commonly used for billets whose diameter is low-
er than 300 mm, because, the higher the billet diameter, the
higher the press power. Sawing has no limits of validity.
Shearing is convenient for medium-high production volumes
(more than 100 pieces, unusual for open-die forging) because
this process requires higher set-up time. Such rules are described
by process validity and priority rules presented in Table 2. In case
shearing and sawing are both valid solutions (i.e. billet diameter
< 300 mm), the best one is selected according to the “priority”
parameter (the higher the priority, the best the process).

The shearing process is generally realised using different
types of machine (M.T), such as hammers or hydraulic
presses. The following parameters characterise each cost cen-
tre: power (M.P: the shearing force for presses), energy (M.E:
the deforming energy for hammers), stroke (#.5), width
(M.W: the maximum billet dimension), head width (Mh;gn:
the dimension of the forging tool), forging rate (M.ngyoke: the
forging speed), set-up time (M.feqp: the time for unloading,
loading the hammer) and cost rate (M.C,,: the unitary cost that
includes energy, labour, depreciation and consumable).
Sawing is realised using different types of machine (M.T7),
such as hinge or double column types. The main parameters
are width (M. W: the maximum billet dimension), set-up time
(M. tyeqp: the time for cleaning and adjusting the machine),
speed (M.sp: the maximum blade speed) and cost rate
(M.C,: the unitary cost that includes energy, labour, depreci-
ation and consumable).

A shearing press is selected according to the force required
for shearing the billet (Funearing = 115 Yahear Tdraw /4) [1, 12]
and the billet diameter (d,,,). The constant of 1.15 is a safety
factor of 15% [7]. The equivalent material shear stress (Yhear)
is a function of shearing temperature (7). In case of hot cut-
ting (around 1.300 °C for steel), equivalent shear stress is
around 1/\3 of the flow stress of material (i.e. the instanta-
neous value of stress required to continue plastically
deforming the material) at forging temperature, while in case
of cold cutting (environmental temperature), equivalent shear
stress is about 1/\3 of the ultimate tensile strength of the
material (i.e. the force required to break a material). The value
of 1/\3 derives from von Mises yield criterion [1, 12]. A
sawing machine is selected according to the billet dimension.
The band saw capacity (M.W) must be greater than the billet
diameter (d,,.). In case of multiple valid presses, hammers or
band saws, the most convenient is selected.
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Table2  Cost model for billet cutting. © 2020 Baker Hughes Company. All rights reserved
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Cutting time (foyying) [min]
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Billet weight (W) [kg]
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Priority = 10
Rcutting =.f(M7 M. SP)

tcum'ng = Reuttng

Hoad/unload :f(W)

tsetup = M . tsetup

Iy,
t = Teutting + tload/unload +=2 P

2
t = teutting + tload/unload +=2 P,

Type (M.T) [-]
Power (M.P) [N]
Energy (M.E) [kJ]
Stroke (M.S) [mm]
Width (M.W) [mm]

Cost centre parameters

Head width (M~Hwidth) [mm]

Forgil‘lg rate (M~nstmke)

Setup time (M.tyey,p) [min]

Cost rate (M.C,) [€/hour]

Cost centres validity rules M.P > Fypearing
MW > dp.y
Cost centres priority rules MIN (M.C,)

Type (M.T) [-]

Width (M.W) [mm]
Speed (M.Sp) [m/min]
Setup time (M.tgeqyp) [min]
Cost rate (M.C,) [€/hour]

MW > d..w

MIN M.C,)

2.3 Heating cost

Before being forged, a billet or an ingot must be heated up to a
fixed temperature (forging max temperature (7 ,ax)) Which is
over the material recrystallisation temperature. This process
enables a part to be forged with minimum pressure and to
produce finished parts that have reduced residual stress, thus
making it easy for machining or heat treatment. Generally,
heating takes place in gas or electric convection furnaces.
For any forging material, the heating time is directly connect-
ed with the forging temperature and must be kept until the
centre of the forging stock reach the forging temperature. A
heating time longer than necessary results in excessive
decarburisation, scale and grain growth.

@ Springer

Heating cost (Cheating) i the multiplication between the
processing time (f) with the hourly furnace rate (M. C,,).

Chcaling =t M‘Cu = (thcaling + Nre-heat - trcfhca!ing + Z‘sctup + Z‘load/unload) 'M~Cu

(4)

Furnace unitary cost rate (M.C,) includes energy, labour,
depreciation and consumable.

When the forging time (¢grging, the time required to achieve
all forging process: pre-smoothing, smoothing, upsetting,
max-shoulder cogging, necking and other shoulders cogging)
is too long, the temperature of the piece could decrease under
the forging temperature limit (forging min temperature



Int J Adv Manuf Technol (2020) 110:1869-1892

1877

(Tt.min), requiring the reheating of the piece. Reheating is
typical in large axial parts, as shafts used in gas or steam
turbines. Forging temperature decreases under the temperature
limit for forging in a fixed time (#.o1ing), Which is a function of
material (M) and part weight (W).

Minimum and maximum forging temperatures depend on
material type, while heating time (fncaiing) is @ function of
material and piece dimensions. For example, for a steel stock
measuring up to 75 mm in diameter, the heating time per inch
of section thickness should be no more than 5 min for low-
carbon and medium-carbon steels or no more than 6 min for
low-alloy steels [39]. Heating time speed increases with the
billet diameter parameter [39]. For small pieces, the heating
cost is relatively small because single heating is enough, but
for bigger ones, several reheats between operations may be
required. Furnace set-up time (fyqp) is generally negligible
because it is always running. When required, set-up consists
only in the rapid cleaning of the furnace. Reheating time (#..
heating) 18 @ function of material, piece dimensions and forging
temperature. The total quantity of necessary reheats depends
on the ratio between forging time (f;orging) and cooling time
(tcooling)-

Geometric cost drivers (Table 3) are related to the part to be
heated (billet diameter (d,,y,), ingot small diameter (d,y,), in-
got large diameter (D), billet/ingot length (/,,), smoothing
diameter (dsmoothing)> Smoothing length (/imoothing), Upsetting
diameter (dypsetting)» Upsetting length (/pseting), max-shoulder
diameter (dax-shoulder)s Max-shoulder length (/ax-shoulder)s
necking diameter (dpecking), Necking length (/hecking), final
length (/) and billet/ingot weight (W). The furnace dimen-
sions (length (M.L), width (M.W), height (M.H)) must be
higher than the bounding box of the forged part to be heated.

2.4 Forging cost

The open-die forging process consists of several phases: (i)
pre-smoothing, (ii) smoothing, (iii) upsetting, (iv) max-
shoulder cogging, (v) necking and (vi) other shoulders cog-
ging. The first two (pre-smoothing and smoothing) are prelim-
inary phases to ensure the part cylindricity before upsetting, so
they are needed only when forging begins from ingots since
billets are already cylindrical. Axisymmetric components
could have a fixed number of shoulders, and this affects the
duration of the last 2 phases (necking and other shoulders
cogging), eliminating them in case of shoulders absence.
Forging cost (Corging) can be calculated as follows.

Cforging = Cpre*smoothing + Csmoothing + Cupsetting
+ Cmax—shoulder cogging + Cneckjng

+ Cshouldcrs cogging (5 )

All the forging phases are achieved using a unique ma-
chine, and its choice is based on the dimensions of the forged
part and the loads (energy) produced during the upsetting
phase. In fact, in this phase, the part reaches the maximum
width and are generated the highest loads.

Forging machine size limits must be compared with raw
material and forged piece dimensions. Two dimensions must
be considered: (i) maximum machine width (M.W) and (ii)
maximum machine stroke (M.S). Machine width must be
greater than the component diameter after upsetting operation
(dupsetting)> In Which the part achieves the maximum diameter.
Instead, machine stroke cannot be lower than the highest di-
mension between the forged diameter after upsetting and the
forged height prior upsetting (fsmooting O fraw depending on the
raw material type).

Once filtered, the first number of available machines that
can hold the forged part, energy or load required for forging
must be calculated for selecting the right machine size. Open-
die forging is realised employing hydraulic presses (load-
restricted machines) and hammers (energy-restricted ma-
chines). Press forging is generally more efficient than hammer
one. During hammer forging, the hammer absorbs a lot of the
energy that could otherwise be focused on the workpiece.
Press forging allows excellent efficiency and more control
over the forging of the piece.

As mentioned above, the upsetting determines the highest
deformations, and therefore, the highest demand for force and
energy. So, if a hydraulic press is used, it is necessary to
compute the force needed to upset the piece. In this case, the
operation must be carried out in one stroke, and the machine
must have a tonnage higher than the force for upsetting
(Fupsetting)- 1f @ hammer is used, the energy to deform the piece
must be calculated. The piece upsetting can be made with
multiple strokes. The number of required strokes (Nypsctting-
stroke) Multiplied by the machine energy must be greater than
the deformation energy (Eypsetting)- FOrce (Fypsetting) and ener-
gy for upsetting (Eypsering) are a function of strain (¢), strain
rate strength (K’) and strain rate sensitivity exponent (m),
which depends on the material, part dimensions and machine
characteristics [4]. Also, the strain rate (§) has an essential role
in load and energy, and it represents the ratio between ma-
chine ram speed (M.V) and forging length after upsetting (/-
upsetting)- 1hus, the energy or the force for upsetting increase
with machine speed. Generally, larger machines have low ram
speed. Maximum force for upsetting occurs when the part
achieves the minimum length at forging process; in fact, in
this condition, the forged piece achieves his maximum area
(Aupsetting) and his maximum strain rate. The magnitude of
force and energy for piece upsetting is influenced by the lu-
bricant used at the die-workpiece interface for reducing fric-
tion. Friction multiplying factor (Q,) affects force and energy
required and it is a function of friction coefficient (1) and
geometry 1atio (dyupsetting/lupsetting) Of the part at the end of
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Table 3 Cost model for heating. © 2020 Baker Hughes Company. All rights reserved

Heating
Geometric cost drivers Material (M)

Billet diameter (d,py) [mm®

Ingot small diameter (d,.,)

]
[

mm?]

Ingot large diameter (D.,y,) [mm?]

Billet/ingot length (/) [mm?]

Diameter after smoothing (dsmoothing) [mm)]
Length after smoothing (smoothing)

Diameter after upsetting (dypsetting) [mm]

Length after upsetting (upsetting) [Mm]

Diameter after max-shoulder (dpmax-shoutder) [MmM]
Length after max-shoulder (/yax-shoulder) [MM]
Diameter after necking (dpecking) [mm]

Length after necking (necking) [mm]

Diameter after max-shoulder (dnax-shoutder) [Mm]
Length of part after forging operations (/pary) [mm]

Billet/ingot weight (W) [kg]
Process cost drivers

Max forging temperature (77max) [°C]

Min forging temperature (Tyyin) [°C]

Cooling time (Z;ooing) [min]
Heating time (fcating) [min]

Re-heating time (fye-heating) [MinN]

Re-heat number (Nye_neat) [-]

Forging time (grging) [Min]

Load and unload time (fipad/unioad) [Min]

Setup time (¢setup) [Min]
Process time (7) [min]
Process validity rules -
Process priority rules -
Process calculation rules Ty max =AM)
Tﬁ min =f(M)
theating =f(M T}' max» u/)
tcooling =f(M T/ min» W)

Ire — heating =f(M T/ min» Tf max> W)
Nrefheat =1IFS ( tforging > tcooling; CEILING (lfmgmg tcooling); 0)

tioad/unload =f(W)

tsctup =M. tsctup

t= theating + Nre ~heat " fre— heating + tsetup + fioad/unload

Cost centre parameters Length (M.L) [mm]
Width (M.W) [mm]
Height (M.H) [mm]

Setup time (M.tyep) [min]
Cost rate (M.C,) [€/hour]

Cost centres validity rules

ML >MAX [lraw; lsmoothing; lupsetling; lmax—shoulder; lnecking; lpdrl]

IFS (ZI'aW material type = blllet» M.W > MAX [draw; dupsetting; dsmoothing; dmax—shoulder;

dnecking; raw material type = il’lgOt; M.W >MAX [Draw; dupsetling; dsmoothing; dmax—shoulder; dnecking])
IFS (Raw material type = billet; M.H > MAX [draw; dupsctting; dsmoothing; dmax-shouldcr;

dnccking; Raw material type = il’lgOt; M.H > MAX [Draw; dupsctting; dsmoothing; dmax—shouldcr; dnccking])

Cost centres priority rules MIN (M.C,)

upsetting operation [4]. In the case of axisymmetric parts with
high diameter-height ratio, such as discs, geometry ratio
comes from the technical draft of the part. On the other hand,
when the diameter-height ratio is small, such as shafts, forge
masters recommended value of 1.5.

Machine size affects the hourly cost and the number of
parts formed per minute. Larger machines generally have

@ Springer

higher costs and a lower stroke rate, while light machines
are less expensive and faster. The hourly machine rate
increases whit machine dimensions not only due to higher
energy consumption but also due to the more significant
number of operators required, which is directly propor-
tional to the machine size. The following parameters char-
acterise each cost centre: power (M.P: the force for
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presses), energy (M.E: deforming energy for hammers),
stroke (M.S), width (M. W), forging rate (M.ngyoke: forging
speed), set-up time (M.tqp: time for unloading, loading
the hammer) and cost rate (M.C,: the unitary cost that
includes energy, labour, depreciation and consumable).
In the case of multiple valid presses or hammers, the most
convenient is selected.

2.4.1 Pre-smoothing cost

Pre smoothing is a preliminary operation to be performed
only in case of ingot forging. It consists of hot removal of
the small protuberance of the ingot, which contains the
impurities generated during ingot casting. The volume of
the protuberance is generally a low percentage of the ingot
volume (2%) [40]. This operation can be carried out only
with a hydraulic press, which allows the shear of material.
Pre smoothing cost (Cpre - smoothing) €an be calculated as
follows:

Cpre*smoothing =t-M ~Cu = (tprefsmoothing + taccessory + tload/unload) M ~Cu
(6)

Pre-smoothing time is the time required to shear the small
protuberance, and it is the reverse of machine stroke rate
(Mnstroke)-

The accessory time (fyccessory) cONSsists of preliminary oper-
ations, as die mounting and cleaning, for forging process. The
production batch (P,) is not considered for accessory time
amortisation cause these preliminary operations are carried
for every forged piece. The accessory time is a fixed time
function of part weight (W).

Geometric cost drivers (Table 5) for pre-smoothing are
related to the ingot to be formed (material M, ingot small
diameter d,,, ingot large diameter D,,y, ingot length /.,
and weight W) and the volume of the part after pre-
smoothing phase (pre-smoothing volume (Vpre-smoothing)
(Table 4)). The principal process cost driver required is the
forging machine rate (M.ngoxe), Which depends on machine
size.

2.4.2 Smoothing cost

Smoothing consists of ingot radial deformation to turn it
into a cylindrical part by using a hydraulic press. All the
radial deformation operations (smoothing, max shoulder
cogging, other shoulders cogging) are carried out accord-
ing to the same pattern, reforming consecutively on the
square, hexagon, octagon and circle (supposed a polygon
whit 32 sides) [35, 30]. The piece goes forward along the
work area of the forging machine and undergoes different
compressions.

Smoothing cost (Cgmoothing) can be calculated as follows.

Csmoothing =t-MC,= (tsmoothing + Taccessory + tload/unload) “M.Cy

(7)

Accessory time (faccessory) COnsists only in the rapid
cleaning of the die, and it is realised for every part.
Smoothing time (Zsmoothing) i the time required to obtain
the cylindrical shape. This time is calculated as the ratio
between the number of strokes required for smoothing op-
eration (Nsmoothing-stroke) and machine stroke rate
(M.ngoke). The number of strokes required for smoothing
operation (Nymoothing-stroke) 18 @ function of part length at
the end of the operation (/gmoothing) and die length (/gic). In
radial forging, dies have a rectangular shape, whose width
(Wgie) 1s equal to the width of the machine, while the die
length (/4;.) affects the number of strokes and therefore the
time required for forging. During radial forging, only a
percentage of the die width is used (fg;.), and this percent-
age is placed equal to 60% (in industrial practice is gener-
ally 40-75% of the length of the die).

Smoothing length (/smoothing) depends on smoothing vol-
ume (Vimoothing) (Table 4) and component diameter at the
end of the smoothing process (dsmoothing). The diameter
achieved after smoothing (dsmoothing) 1S supposed 90% of ingot
smallest diameter (d,,.) [40].

Other geometric cost drivers (Table 5) for smoothing are
the same as for pre-smoothing operation. These cost drivers
are related to the ingot to be formed (material A/, ingot small
diameter d,,,,, ingot large diameter D,,,,, ingot length /., and
weight W) and the volume of the part after the smoothing
phase (smoothing volume (Vimoothing))-

2.4.3 Upsetting cost

Upset forging is a manufacturing process that decreases the
length of the workpiece to increase its diameter [34]. The
upsetting requires the part repositioning in the forging ma-
chine to perform compressive strength along the central axis
of the cylinder obtained from the previous operations with
radial strength.

Upsetting cost (Cypseting) €an be calculated as follows.

Cupselling =t-MC, = (tupsetting + Taccessory + tload/unload + tsetup) “M.C,
(8)

Upsetting time (fupsewing) 1S calculated as the ratio be-
tween the number of strokes required for upsetting oper-
ation (Nypsetting-stroke) and machine stroke rate (M.ngyoke)-
The number of strokes required depends on the machine
type, as previously described in Section 2.4.1. The
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Table 4 Raw material type and dimensions for forging operation. © 2020 Baker Hughes Company. All rights reserved

Forging Validity
Part after operation
operation rules
; Dy ,
raw —— = 1.15 (min: 1.10; max: 1.20)
Pre- Raw material Taw
> N raw .
smoothing type = ingot N g D = 1.75 (min: 1.5; max: 2.0)
Q = raw
Vpre—smaomzng =098 Vforged
1 QZmoothing
Smoothing Vsmoothing = T — Lsmoothing
. Raw material 2 i 4 i
Smoothing . H Asmoothing _
type = ingot 2 draw =09
s Vsmoothing = Vprefsmoathmg =098 anrgenl
et E
_ psetting
Vupsetting = T Lupsetting
s
Upsettin, § L 2 I i .
P ¢ H IF <N5houlder5 > 0; =P = 25 Nopoutaers = 0 5 = technical draft
E upsecing 3 dupseting

IF (Raw material type = ingot; Vupsetting = Vsmoothing = 098 Vorgea; Raw material type = billet; Vypsetting = meged)

max-shoutder

P
s 3 _ - @max-shoutder
Max-shoulder :: ] { Vinax-shoutaer =T ———,—— Imax.shoutder
coggin L i =i . - - . i — billet: - -
seine g IF (Raw material type = ingot; Vmax—snoutder = Vupsetting = 0.98 Vyorgea; Raw material type = billet; Vinax—snoutder = Vupsetting = Vrorgea )
<
1, 2
necking lnecking = lnax-shoutder
. 2 d, =d,
Necking £ necking = Amax-shoulder
& IF (Raw material type = ingot; Vyecking = Vimax-shoutder = 098 Vorgea; Raw material type = billet; Vnacking = Vmax-shoutder = Vorgea )
Lsnoutder, = technical draft
Nshoutder
lsrwuuier7l = [parz
Lshowtdery § n=0
Shoulder 3 Nshoulder
cogging I 1F | Raw material type = ingot; )" Vinousaer, = Vimas-snoutser = 098 Vyargea:
lpart < n=0

( Raw material type = billet;

accessory time (Zaccessory) 18 the time required to change
the die and this changing is carried out for each piece. In
this operation, a circular shape die is used, instead of a
rectangular die used in other forging operations. Set-up
time is the time required to prepare the hammer or press
for forging operations (gathering the tools for forging,
press speed and force setting, forging machine test,
etc.). It is worth noting that the set-up time is present
only in this upsetting phase, since all the forging phases
are achieved using a unique machine. In the case of
axisymmetric parts whit high diameter-height ratio (i.e.
discs), upsetting is considered the last operation in the
forging process. Principals geometric cost drivers of up-
setting phase are widely discussed in Section 2.4.1. The
other geometric cost drivers (Table 5) for upsetting are
the same considered in the previous operations.
Geometrical cost drivers are related to the ingot or billet
to be formed (material M, billet diameter d,,,, ingot
small diameter d,,, ingot large diameter D.,, ingot/
billet length /., and weight W), and the volume of the
part after upsetting phase (upsetting volume (Vypsetting)
(Table 4). Process cost drivers for upsetting are related
to the material (max forging temperature (7y %), the

@ Springer

Nshoutder

Vsnoumer,. = Vinax—shoutder = Vfo'rgmi)

n=0

material strain rate strength (K’), the material strain rate
sensitivity exponent (m)), and the part dimensions (strain
rate (£), strain (g), friction multiplying factor (Q,) [4]) as
reported in Table 5.

2.4.4 Max-shoulder cogging cost

Max-shoulder cogging consists of a radial deformation to turn
the upset forged part into a cylindrical part using a hydraulic
press. This operation allows bringing the upset part at the
maximum shoulder diameter considering the final geometry
of the forged part (dmax-shoulder cogging)-

Cnax-shoulder cogging = M.C,

= (tmax—shoulder =+ taccessory 1 tload/unload) “M.C, (9)

Max-shoulder cogging time (fmax-shoulder cogging) 1S
calculated in the same manner as the smoothing time
(ratio between the number of strokes required for max-
shoulder operation (Npax-shoulder-stroke) and machine
stroke rate (M.ngyoke))-
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The accessory time (faccessory) 18 the time required to re-
change the die from circular to rectangular.

The quantity of strokes required for cogging operation
(NVmax-shoulder-stroke) depends on the part length at the end of
this operation (/max-shoulder cogging) and die length (/gic). The
length of the part is a function of volume (Vinax-shoulder cogging)
and part diameter at the end of the operation (d . . )
(Table 4). This latter is generally indicated within the technical
draft of the part.

The other geometric cost drivers (Table 5) for max-
shoulder forming are the same ones of the previous operation
and are related to part to be formed (material M, billet diameter
draw, ingot small diameter d.,,, ingot large diameter Dy,
billet/ingot length /., and weight W).

2.4.5 Necking cost

The necking is an operation that is carried out after max-
shoulder forming, using a press composed of a die with a
built-in blade. In this phase, the part is notched in correspon-
dence of the diameter variation. The functionality of these
notches is to create reference sections for the subsequent
forming of other shoulders, approaching to the final shape of
the part.

Cnecking =t M~Cu = (tnecking + taccessory + tload/unload) . M~Cu (10)

Necking time (Znecking) 1S calculated in the same manner as
for previous operations (ratio between the number of strokes
required for operation (Nyecking-stroke) and machine stroke rate
(Mnstrokc))

The accessory time (fyccessory) i the time required to
switch from rectangular die to bladed die. The quantity
of strokes required for necking operation (Npecking-stroke)
is a function of part diameter (dmax-shoulder cogging)> and
the number of shoulders (Ngpoulger). According to a
study conducted at some forge masters, this quantity
lies between 10 and 16. The geometric cost drivers
(Table 6) for necking are the same of the previous op-
eration and are related to the raw material to be formed
(material M, billet diameter d,,,, ingot small diameter
draw, ingot large diameter D,,, billet/ingot length /.,
and weight W).

2.4.6 Shoulders cogging cost

This operation allows obtaining the final shape of the piece.
Cogging cost for other shoulder is calculated in the same
manner as the max-shoulder cogging cost with a difference
in the number of strokes required for each shoulder, which
depends on the shoulder length (/s,ouider-r), the die length (/4;c)
and the die usage (/).

The cost of shoulder cogging operation (Cgpouider cogging) 1S
calculated in this way.

Cshoulder cogging = - M.C,
(11)

The accessory time Z,ccessory 18 the time required to switch
from bladed die to rectangular die. The time required for forg-
ing the shoulders (Zshoulder cogging) 15 the sum of single times
(fshoulder coggingn) Tequired for forging the n-shoulder. Each n-
shoulder time (fshoulder cogging-n) 18 the ratio between n-shoulder
stroke required (Nsnouldern cogging-stroke) and machine forging
rate (M.ngyore)- The geometric cost drivers (Table 5) for cog-
ging are the same of the previous operation, and they are
related to raw material to be formed (material M, ingot small
diameter d,,, ingot large diameter D,,,, ingot length /., and

weight W).

= (tshouldcr cogging + tacccssory + tload/ unload) -M.C,

3 Case study

The cost model presented in the previous section allows de-
sign engineers to evaluate manufacturing cost of open die-
forged axisymmetric components. Cost accuracy, according
to a survey carried out on several companies designing
open-die forged components, should range between — 15
and + 15%. Cost accuracy should be higher when cost esti-
mation methods are used during product engineering. Here,
manufacturing cost can be used, for example, as a baseline for
the supplier’s negotiation (the higher the accuracy, the higher
the procurement yield). Hence, the goal of the case study is to
evaluate the accuracy of the proposed cost model.

The test has been carried out in cooperation with a compa-
ny that designs turbomachines. This test refers to two essential
kinds of components of an axial compressor (Fig. 4): (i) rotat-
ing round discs (blades are fixed at their periphery) and (ii) the
main shaft (element connecting all the round discs).

Beyond this company, the test involved two qualified forge
masters, since the company completely outsources the die
forging process of such components. Suppliers were selected
considering their annual turnover and quality certification.
Each supplier selected a cost engineer in charge to retrieve
data required for this test. Workshops of these companies
consist of hydraulic presses, mechanical hammers with elec-
tromechanical drive, without sensors for monitoring energy
consumption and other process parameters.

Once established the companies involved in the test, a
workshop with researchers (the authors of the paper) and cost
engineers (employers from the involved companies) has been
arranged. During the workshop researchers presented the costs
model and the related information to the cost engineers

@ Springer
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Fig. 4 Two examples of the
cylindrical disc (a) and shaft (b)
used for the testing (figures refer
to disc and shaft after turning). ©
2020 Baker Hughes Company.
All rights reserved

involved in this phase. The cost model has been integrated
within a commercial software tool for manufacturing cost es-
timation (namely, LeanCOST, by Hyperlean Srl). During the
workshop, the test methodology has been defined. The test has
been performed on two round discs and six shafts, different for
material, size and shape, realised in batches from two to four
(Table 7). Data stored within raw material (i.e. billet sizes and
unitary cost), materials (i.e. mechanical, thermal and physical
properties) and cost centres (i.e. presses, band saw machines
and furnaces, with relative parameters) databases have been
set according to the facilities of the involved production com-
panies. Such hypotheses were required for evaluating the re-
liability of the proposed cost model (e.g. rules, process param-
eters) independently by other factors (e.g. production
country).

Tests have been carried out by researchers for all the
selected components. For this aim, researchers used
LeanCOST with embedded the here presented open-die
forging cost model. The raw material for each component
was manually designed using a 3D CAD software tool, ac-
cording to the procedure presented in Section 2.1.1. The
estimated process parameters and total cost (automatically
computed according to the rules and data available within
the databases) have been considered as the set of test data to
be compared with the corresponding ones gathered from the
involved companies.

4 Results and discussion

Results collected during the case study were stored in Table 8.
It contains the meaningful information required for evaluating
the analytical model for the cost estimation of axisymmetric
components realised with open die-forging processes. Such
values are raw material and manufacturing cost, and they are
respectively used for evaluating the cost model reliability in
estimating the forged raw material and the manufacturing pro-
cess (cutting, heating and forging) cost. Table 8 contains esti-
mated and actual values, which are respectively those values
computed by using the proposed cost model and got from the

forge masters. Actual values have been provided by the cost
engineers of the forge masters.

The raw material costs were attributed according to the
weight of billets used by the forge masters. The manufacturing
costs were computed measuring the processing and set-up
times of the whole process (cutting, heating and forging).
For confidentiality reasons, Table 8 contains only agglomer-
ated raw material and manufacturing costs. Then, the arith-
metic (Dev.) and absolute (Abs. dev.) average deviations be-
tween estimated (Est.) and actual (Act.) values have been
measured. At last, the average and standard deviation (last
two columns on the right of Table 8) for raw material cost,
manufacturing cost and total cost have been evaluated to es-
tablish the goodness of the proposed cost model. The absolute
average deviation is that parameter to be compared with the
threshold presented in Section 3 (£ 15%) for evaluating the
cost model accuracy. Cost values are dimensionless for con-
fidentiality reason (costs were multiplied by a fixed scaling
factor).

The analysis of the previous table allows authors to high-
light the high reliability of the algorithm for estimating the raw
material volume (Section 2.1.1) and the billet dimensions
(Section 2.1.2). The average absolute deviation between the
estimated and actual billet weight is 3.6% (Fig. 5). This dis-
crepancy is considered a robust result because the raw material
is the most critical cost item in forged components, and it is
directly calculated by multiplying the unitary cost of material
by its weight. The difference in weight between the raw ma-
terial estimated employing the method proposed in
Section 2.1.1 and the same one designed by a design engineer
is due by four reasons, to be considered for improving the
algorithm:

— Undercuts: forged components, often, do not have
undercuts;

—  Rounded edges: forged components do not have sharp
edges, replace by rounded ones for favouring the material
flow;

—  Drafted surfaces: surfaces must be drafted for removing
the forged component from the die (this is negligible for
open-die forging);

@ Springer
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List of components used for testing the cost model. © 2020 Baker Hughes Company. All rights reserved

Table 7

D2 S1 S2 S3 S4 S5 S6

D1

Component

Shaft

Shaft

533

Shaft

Shaft

Shaft

Shaft

Disc

617

Disc

Type

1029

1398

1241
26 NiCrMoV 11-5 26 NiCrMoV 11-5 26 NiCrMoV 11-5 26 NiCrMoV 11-5 26 NiCrMoV 11-5 26 NiCrMoV 11-5

1113

1910

577

Part weight [kg]

Material

X12CrNiMoN12  X12CrNiMoN12

860 x 860 x 190

1020 x 1020 x 160 490 x 490 x 2470 700 x 700 x 1620 650 x 650 x 1856 916 x 916 x 1110 493 x 493 x 1410 564 x 564 x 1049

Bounding box dimensions [mm]

Production batch

—  Differentiated machining allowance: machining allow-
ance could be different for external and internal surfaces.

Concerning the manufacturing cost, it is possible to mea-
sure an average absolute deviation of 20.9%, which is higher
than 15% (12% for discs and 24% for shafts). The fact that
discs have a higher reliability than shafts is mainly due to the
simpler shapes of the former. From the results obtained in the
case study, it is possible to underline that the material (M) is
the most influencing geometric cost driver in the analytical
cost model. This outcome is in line with the results obtained
by the literature analysis [28, 31]. The material is directly
related to the raw material cost (Cumateriats 2> Sscale lost) and
indirectly to the manufacturing cost of the forged part.
Material cost driver contains the information about the shear
stress (Yspear), Necessary to calculate the shearing force
(Fshearing)» and also the information about the strain rate
strength (K’) and the strain rate sensitivity exponent (m),
which are needed to calculate the load and energy in upsetting
operation (Fypsettings Eupsetting)- From cutting force, load and
energy required in operations are selected the machine ton-
nage and then their unitary costs. Besides, the heating cost is
affected by the material, since the forging temperature (7ymaxs
Tymin)» the heating and cooling time (#hcating, fcooling) depend on
the material.

Other important geometric cost drivers are the component
dimensions and its volume, from which are calculated the raw
material cost (Eq. 2). The component dimensions contribute to
the attribution of the machine size. Dimensions also affect the
manufacturing cost through the force, load, energy ant times
required to cut, heat or deform the part. In particular, from the
deformation point of view, the most critical dimension is the
upsetting diameter (dyupseting), Which affects the machine ton-
nage. For the cutting process, the most significant variable is
the billet diameter (d,..,), which affects the cutting rate
(Reutting) and the shearing force (Fpearing). Concerning the
process cost, the most critical variable is the selected cost
centre (press or hammer), since the manufacturing cost is
computed as the product between the forging time and the
cost centre rate. A cost centre is selected according to the load
required for forging a billet or ingot, and the initial upsetting is
that phase which requires the highest force.

From the analysed cost drivers and the costs of Table 8§, it
can be concluded that the correct definition of the material
parameters is fundamental for the proposed cost model, also
considering the very high raw material share on the total cost
(raw material cost ranges fall within 86 to 94% of the total
cost). However, since the average deviation in estimating the
manufacturing cost is higher than 15% (threshold considered
acceptable by design engineers), further analyses should be
carried for improving the proposed cost model.

Since the error in estimating the cost for discs is lower than
shafts, and considering that the most critical phases for forging
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Table8 Comparison (Dev. and Abs. dev.) between estimated (Est.) and actual (Act.) open die forging cost for eight different forged components. *All
the costs are dimensionless for confidentiality reason. © 2020 Baker Hughes Company. All rights reserved

Component D1 D2 S1 S2 S3 S4 S5 S6 Absolute average  Standard deviation
deviation

Raw material cost* [-] Est. 1229 1515 1511 1041 1541 1548 515 722

Act. 1164 1379 1506 1103 1542 1547 545 730

Dev. 6% 10% 0% —-6% 0% 0% -6% —1%

Abs. dev. 6% 10% 0% 6% 0% 0% 6% 1% 3.6% 3.9%
Manufacturing cost* [-]  Est. 92 106 171 82 118 126 77 69

Act. 83 95 155 131 171 152 80 122

Dev. 12% 12% 11% -37% —-31% —-17% —3% —44%

Abs.dev. 12% 12% 11% 37% 31% 17% 3% 44% 20.9% 14.6%
Total cost* [-] Est. 1321 1620 1682 1123 1659 1675 592 790

Act. 1246 1473 1661 1234 1713 1699 624 853

Dev. 6% 0% 1% 9% -3% 1% -5% -7%

Abs. dev. 6% 10% 1% 9% 3% 1% 5% 7% 5.3% 3.4%

discs are upsetting and max-shoulder cogging, it can be con-
cluded that further improvements must be focused on the fol-
lowing phases:

—  Pre-smoothing and smoothing: forging phases employed
in case of ingots;

—  Necking and other-shoulder cogging: forging phases re-
quired for shafts with multiple cylindrical spans.

In conclusion, by evaluating the average absolute deviation
on the total cost, it is possible to observe that this value is 5.3%
(less than 15%), which is a promising result for a novel cost
model for open die forging.

5 Conclusions

The paper presents an analytical model for cost estimation of
axisymmetric components manufactured through open-die
forging technology. By using geometrical product information,
the model allows providing a detailed cost breakdown consid-
ering the overall open-die forging manufacturing process, from
the raw material to the forged component. The cost model con-
sists of a set of knowledge for estimating the shape and dimen-
sions of the forged component, required when only the final

Fig. 5 Comparison between Drafted surfaces

designed (red) and estimated
(green) stock

) |

Rounded edges / “‘\

component shape (that one achieved after machining opera-
tions) is known. The second set of knowledge is used for esti-
mating the cost for cutting, heating and forging. Rules and
parameters are applicable for axisymmetric components, typi-
cal of discs and shafts. The paper contains the complete set of
rules and data required for analytical cost estimation in a man-
ner that can be easily replicated using an electronic spreadsheet.

Cost model has been validated in cooperation with two
forge masters and a company operating in the Oil & Gas
sector, by considering eight different components employed
in a turbomachine. Components have been selected for cov-
ering a wide range of dimensions (from around 500 kg up to 2
tons), different shapes (discs and shafts with multiple cylin-
drical spans) and materials (carbon and special steels).

The analysis of the deviation between the estimated and
actual values allowed to evaluate the reliability of the pro-
posed cost model. The absolute error in estimating the raw
material cost is 3.6% (min value 0%, max value 10%, standard
deviation 3.9%). It means that the design process for forged
shape definition can rigorously estimate the raw material cost
(it is advisable only minor improvements). Lower accuracy is
observable for that items of the cost model used for
manufacturing cost estimation. The absolute deviation is
20.9% (min value 3%, max value 44%, average deviation
14.6%). This set of knowledge requires further improvements,

Differentiated machining allowance

Undercuts \ /

e y Designed stock

7 L

Turning axis ‘ J

@ Springer



1888

Int J Adv Manuf Technol (2020) 110:1869-1892

which must be focused mainly on shafts. Indeed, shafts are
made by multiple cylindrical spans realised with several forg-
ing operations, alternated with handling and heating phases,
often carried out employing special equipment (components
weight may range from a dozen of kilogrammes to several
tons), which are difficult to be estimated before production.
Nevertheless, the manufacturing cost share is much lower than
raw material one, for which it was possible to appreciate sig-
nificant reliability of the cost model.

Further improvements will be oriented in improving the
algorithms and process parameters for forging and handling
very heavy (more than 1 ton) and complex axisymmetric com-
ponents (more than ten cylindrical spans). Pre-smoothing,
smoothing, necking and other-shoulder cogging are those
forging phases to be improved in terms of rules and data for

Appendix

Table 9  List of symbols used in the study

cost estimation. It is also necessary to improve the algorithm
for generating the raw material shape, that should be adapted
to manage hollow shapes (e.g. shafts with axial depressions),
hybrid shapes (i.e. round shafts with flat surfaces) and eccen-
tric shapes (i.e. shafts with two or more symmetry axes).

Another future outlook will regard the study of parametric
cost models, based on artificial intelligence methods (e.g. big-
data, data-mining), to be used during the preliminary design
phases as a sort of conceptual costing. The great challenge will
consist in developing reliable parametric cost models based on
a limited set of data. Indeed, open-die forging is commonly
used for small production volumes.

Funding information Open access funding provided by Universita
Politecnica delle Marche within the CRUI-CARE Agreement.
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Acronyms Name Description Unit of measure
I Friction coefficient Friction coefficient between die and forged part [-]
Ceutting Cutting cost Total cost of cutting process [€]
Chorging Forging cost Total cost of forging process [€]
Cheating Heating cost Total cost of heating process [€]
Crnaterial Material cost Total cost of material used [€]
Crnax-shoulder cogging Max-shoulder cogging cost Total cost of process for cogging larger [€]
shoulder
Checking Necking cost Total cost of necking process [€]
Cpre-smoothing Pre-smoothing cost Total cost of pre-smoothing process [€]
Cahoulder cogging Shoulder cogging cost Total cost of process for cogging all shoulders [€]
Comoothing Smoothing cost Total cost of smoothing process [€]
Cllmaterial Material unitary cost Unitary price of virgin material [€/kg]
Cupsetiing Upsetting cost Total cost of upsetting process [€]
Cllgerap Scrap unitary cost Unitary price of forging scraps [€/kg]
Amax-shoulder Max-shoulder diameter Diameter of larger shoulder [mm]
dnecking Necking diameter Diameter of larger shoulder [mm]
draw Billet diameter/ingot small diameter Billet diameter or ingot small diameter, based [mm]
on the one used
Diaw Ingot large diameter Diameter of the ingot large part [mm]
dshoulder n Shoulder diameter Diameter of n-shoulder [mm]
Asmoothing Smoothing diameter Diameter of the part at the end of smoothing [mm]
process
ypsetting Upsetting diameter Diameter of the part at the end of upsetting [mm]
process
Siie Die usage Percentage of the die width used during [%]
operations
Fihearing Shearing force Force required for shearing the billet [N]
K Strain rate strength Strain rate strength of material used [MPa]
Ldie Die length Length of forging machine die used in [mm]
operations
Lnax-shoulder Max-shoulder length Length of the part at the end of max-shoulder [mm]

cogging process



Int J Adv Manuf Technol (2020) 110:1869-1892

1889

Table 9 (continued)

Acronyms Name Description Unit of measure

Lnecking Necking length Length of the part at the end of necking process [mm]

Law Billet length/ingot length Billet length or ingot length, based on the one [mm]
used

Law/draw Slenderness factor Ratio between billet length and billet diameter [-]

Lshoulder n Shoulder length Length of the n-shoulder sector at the end of the [mm]
process

Lsmoothing Smoothing length Length of the part at the end of smoothing [mm]
process

Lupsetting Upsetting length Length of the part at the end of upsetting [mm]
process

M Material type Type of material used [-]

m Strain rate sensitivity exponent Strain rate sensitivity exponent of material used [-]

M.C, Machine or furnace hourly rate Unitary cost of cutting machine or heating [€/min]
furnace or machine used in forging
operations

ME Machine energy Energy of shearing machine or energy of [kJ]
machine used in forging operations

MH Furnace or machine height Internal height of furnace or height of working [mm]
area of forging machine

M Higin Machine head width Head width of shearing machine [mm]

ML Furnace or machine length Internal length of furnace or length of working [mm]
area of forging machine

M. ngore Machine forging rate Number of strokes per minute of shearing [min"]
machine or

M ngrore Machine forging rate Number of strokes per minute of forging [min™]
machine

MP Machine power Power of shearing machine or machine used in [N]
forging operations

M.S Machine stroke Distance between the top and bottom dead [mm]
centres of the ram

M.Sp Machine speed Speed of sawing machine [m/min]

M.T Machine type Choose between hammers or hydraulic presses [-]
for shearing and hinge or double column
types for sawing and hammer or press for
forging operations

MV Machine ram speed Drop speed of machine ram [mm/s]

MW Machine width Width of working area of shearing or sawing [mm]
machine, or internal width of furnace or
width of working area of forging machine

Npax-shoulder -stroke Max-shoulder cogging stroke Number of strokes required for max-shoulder [-]
cogging operation

Nhecking Necking stroke Number of strokes required for necking [-]
operation

Nre-heat Re-heats number Number of reheats required [-]

Nghoulder-n stroke Shoulder stroke Number of strokes required for n-shoulder [-]
operation

Nymoothing-stroke Smoothing stroke Number of strokes required for smoothing [-]
operation

Nupsetting-stroke Upsetting stroke Number of strokes required for upsetting [-]
operation

Py Production batch Production batch quantity [-]

0. Friction multiplying factor Friction multiplying factor between die and part [-]

Reutting Cutting rate Sawing machine cutting rate [mm?*/min]

Sscale lost Scale loss factor Material scale loss factor caused by heating [%]

t Process time Total time required for a process [min]

Taccessory Accessory time Time required for accessory operations [min]

Leooling Cooling time [min]
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Table 9 (continued)

Acronyms Name Description Unit of measure
Time required to achieve Min forging

temperature starting from Max forging
temperature

Leutting Cutting time Time required for cutting operation [min]

Timax Max forging temperature Forging temperature upper limit beyond which [°C]
could be generated cracking in forged part

Timin Min forging temperature Forging temperature lower limit under which [°C]
the force to deform the forged part is too high

Iheating Heating time Time required for heating operation [min]

toad/unload Load and unload time Time required for load and unload operation [min]

fmax-shoulder cogging Max-shoulder cogging time Time required for max-shoulder cogging [min]
operation

Inecking Necking time Time required for necking operation [min]

Lpre-smoothing Pre-smoothing time Time required for pre-smoothing operation [min]

fre-heating Reheating time Time required for reheating operation [min]

Ty Shearing temperature Temperature at which the shear takes place [°C]

Lsetup Set-up time Time required for set-up operation [min

Lshoulder cogging Shoulder cogging time Time required for cogging operation [min]

Lsmoothing Smoothing time Time required for smoothing operation [min]

Tupsetting Upsetting time Time required for upsetting operation [min]

Viorged Forged volume Volume of material required for the forging [dm3]
process

Vimax-shoulder Max-shoulder volume Volume of the part at the end of max-shoulder [dm3]
cogging process

Viecking Necking volume Volume of'the part at the end of necking process [dm®]

Vire-smoothing Pre-smoothing volume Volume of the part at the end of pre-smoothing [dm3]
process

Vierap Scrap volume Scrap volume that can be recovered and resold [dm?]

Vihoulder-n Shoulder volume Volume of the n-shoulder sector at the end of [dm3]
process

Vimoothing Smoothing volume Volume of the part at the end of smoothing [dm®]
process

Vitock Raw material volume Volume of billet or custom ingot, based on the [dm3]
one used

Vipsetiing Upsetting volume Volume of the part at the end of upsetting [dm3]
process

w Billet/ingot weight Weight of the billet or ingot, based on the one [ke]
used

Wie Die width Width of forging machine die used in [mm]
operations

Yohearing Shear stress Equivalent material shear stress [MPa]

€ Strain Strain rate of material used [-]

13 Strain rate Strain rate of material used [1/5]

p Material density Density of material used [kg/dm?]
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