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Manufacturing feature-based cost estimation of
cast parts

*Muhammad Sajid , Ahmad Wasim , Salman Hussain, Mirza Jahanzaib

Department of Industrial Engineering, University of Engineering and Technology, Taxila, Pakistan, 47050

Abstract: Seventy percent of new product cost is committed in the design phase. Therefore, the cost needs
to be minimized. Incorporating accurate cost estimation capabilities into manufacturing processes can help
industries to minimize the cost and optimize the design. The casting process has been employed as a key process
to manufacture parts having the advantage of low cost and customized products in foundry industry. This paper
presents a cost estimation system for the casting process based on the design features, which incorporates the
casting information at the design stage of castings. It aims to deliver the best cost-effective choice for casting
design features of a product. Two kinds of knowledge, namely economical knowledge (describing the relation
between the casting design considerations and the cost) and technical knowledge (involving the material of the
casting features) were structured in this research work. On the basis of the minimum product cost, casting material
selection can be carried out in detail. The developed system has been validated through an industrial case study.
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oundry industry is being improved by the

development of advanced technologies in casting
processes. Many companies struggle to apply the
innovative techniques, technologies and systems to win
the intense competition in the changing global market.
There is about 70% of product cost committed in the
design phase ", so designers take this phase critically
and pay a special attention to avoid interruption in the
casting of products.

The cost estimation of casting processes can optimize
the product design at the initial stages of casting
processes before the production starts. This may also
provide a decision support to the designer regarding both
the cost and the casting process capabilities. Therefore,
leading casting companies have a requirement to develop
tools and techniques which can estimate the product
cost at the initial design stage to ensure that the advance
casting processes can meet the expected specifications.

Shehab et al. ™™ described the cost estimation as an
approach to forecasting the cost associated to actions
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before the final implementation. Niazi et al. ' classified
the cost estimation techniques as quantitative and
qualitative techniques. Quantitative cost estimation
techniques are associated with detailed estimations of
cost due to the availability of a large amount of data.
Qualitative cost estimation techniques are suitable for
a rough estimate of cost in the case of a limited amount
of available data. These techniques are applicable at an
initial stage of the product design. Feature-based cost
estimation is a quantitative cost estimation technique
including the identification of features related to the
manufacturing process and interrelating it with the
cost Y!. In this perspective, the practice of feature concept
is mostly agreed by many researchers. Chayoukhi et al.”
used the feature concept to develop the cost estimation
model. The developed model decomposed the structure
into a set of assemblies. Each assembly was modelled
by using one or several preparation features and
process features which led to the generation of several
manufacturing processes associated with a cost model.
Chayoukhi et al™ proposed a cost estimation technique
on the basis of the feature model. It was developed to
evaluate the manufacturing cost of joints preparation
for gas metal arc welding. Bouaziz et al. " used the
machining features to develop a cost estimation system
of dies manufacturing. On the basis of design features
and tooling parameters, an integrated framework for die
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and mould cost estimation was developed by Mukherjee et al.
with the concept of cost drivers (geometric features) and cost
modifiers (tooling parameters) used in the research ™. Wasim et
al. " used a feature based cost estimation approach to develop a
cost modelling system for resistance spot welding. The proposed
system was used to provide pre-emptive decision making and
mistake exclusion in the early design stage of product and
process development. A similar feature based approach was used
by Masmoudi et al.""” and Zhang et al."'"! as they developed cost
estimation models for welding and machined parts, respectively.

Little or no study was found regarding any cost model or cost
estimation technique for the casting process using the feature-
based approach in the above researches. Choughle et al. "
used a combination of analytic and parametric cost estimation
techniques to develop a hybrid model of cost estimation for
casting process in an incorporated product and process design
(PPD) environment. Additionally, only focusing on the “design
to cost” concept cannot adapt to constant changes of customer
demands and needs, and this concept (design to cost) took
into account the set of activities with an emphasis on the cost
limits ™. This leads to the time extension of design because the
iterations were required to agree with the set target. Thus, a cost
estimation model should be capable of supporting the designers
to optimize the casting design features while considering the
other important values such as cost, time, weight, and ultimate
tensile strength (UTS) of the product.

The current developments of the cost estimation approaches
incorporate technical and geometric features of the product.
In the field of casting, the tools for assessing the product cost
are not commonly used and there exists a limited research on
casting methods. To address this limitation, a system for cost
estimation of cast parts was proposed in this work. The system
was developed in Microsoft Visual Studio 2016 using C#
language and Microsoft SQL server database. The proposed
system took the design features and associated material into
consideration and fulfilled the minimum cost criteria along with
other values required by the customer.

1 Cost estimation methodology for
cast parts

In order to extract the costing knowledge of cast parts, the
system requires the representation of assembly. The developed
system focuses on attributes which affect the total cost of the
product including design features (type of material required and
geometric features) and sand casting process variables. Using
these design features and process variables, feature-based cost
estimation has been performed in this work. The cost estimation
methodology was divided into the following stages (Fig. 1):

(1) Disintegrating the product into sets of part assemblies;

(2) Taking each part one by one and forming the inventory of
casting design features;

(3) Selecting the casting process followed by specifying the
casting material for each part;

(4) Specifying the casting design considerations against the

selected manufacturing process;

(5) Calculating the time and cost against each material;

(6) Taking the next part/assembly and repeating the procedure
from step 1 to 5 until time and cost of all assemblies are
calculated;

(7) Computing the optimum cost, time and other values of the
product.

| Product data |

® |

Decompose the product into
different parts/subassemblies

I

——-@—l Take each part one by one |
| Specify casting process

tarial |
[[Material 1] [Material 2] [Material 3] ----- [Material ]|

| Specify casting [

Specify casting design
@ padty .g 9 Design database
considerations

i
@ Casting time and cost calculation
against each material

Optimum product cost
@ and other values

| e ey ——

Fig. 1: Algorithm of cost estimation system for casting process

2 Cost estimation system for casting
process

In order to develop the cost estimation for the casting process,
casting design features have been considered in this work.
Casting design features include the design features of a gating
system (pouring basin, sprue, runner, sprue well and ingates)
that regulates the proper flow of molten material into the mould
cavity. The casting design feature comprises of two operations:
(i) preparation for the mould (to give proper flow of molten
material) and (ii) mould filling and solidification. The design
features for a sand casting process have been provided in
Table 1. Two data sets were used for casting design features.
The first data set was related to the description of the geometric
specifications and material for a specific product, whereas, the
second data set was associated with the casting process. The
preparation features for casting parts of the system have been
illustrated in Fig. 2.

3 Casting design feature preparation
process
As already discussed, the preparation process of casting design
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Table 1: Casting design features

Design features Symbol (unit)

Sprue height h (mm)
Effective sprue height H (mm)
Distance b_etween_ sprue top and h
pouring basin top surface !
Distance bet.ween sprue bottom and h
pouring basin top surface 2
Total height of mould cavity ¢ (mm)
Sprue top area A, (mm?)
Sprue exit area/Choke area A, (mm?)
Flow loss factor [Ak

Gating system type

Total weight of molten metal flowing
through choke section

Material density

Top gating, bottom gating

We (kg)

p (kg'mm)

Pouring time Pt (seconds)
Gravity acceleration g (mm-sec?)
Radius of sprue inlet Ri
Radius of sprue outlet Ro
Runner Length L (mm)
Runner width W (mm)
Runner Thickness T (mm)
Runner cross sectional area Ra (mm?)
Ingates cross sectional area la (mm?2)
Sprue well cross sectional area SWa (mm?)
Value of gating ratio for runner Rr
Value of gating ratio for ingates Ri
Sprue well depth SWd (mm)

For top gating system: H=h

For bottom gating system: H=h-c/2

IA2=W /(p=PtxFif=2gH )(Choke area
shows the sprue exit area)

A=A<R]h,
R =YA /314, Ro =YA 314

Sprue preparation features

Ingates Runner and ingates design features
* il are calculated using proper gating ratio
{ L/ Ra=Rr=Lx=W
le=RxRa
prue well Runner T SWd=2xT
;\ / SWA=5%A,

| |
| T |

Runner, ingates and sprue well preparation features

Fig. 2: Preparation features of casting parts of cost

estimation system

features involves casting mould features design and process
parameter feature design. The system was designed to compare
different materials and select the best material by considering
the criteria of minimum cost and other associated values such as
time, weight and production rate of product.
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The manufacturability of various materials must follow basic
rules such as machine and material availability. For example,
if the furnace with desired material melting temperature does
not exist, alternative options (furnaces) should be applied
with the melting temperature equal or greater than the melting
temperature of selected material. Therefore, a knowledge
database has been developed to identify the castability of a
specific designed product. This will enable the designers to have
clear knowledge about the availability of specific machines and
tools that are compulsory for the accomplishment of a selected
casting process.

4 Casting time and cost estimation
function

4.1 Casting time function

The casting time includes the mould filling time, pouring time
and solidification time, where the mould filling time is the time
to completely fill the mould cavity, the pouring time is the
time to pour the molten metal into the mould cavity, and the
solidification time is the time to completely solidify the mould
material before starting post casting operations. Other times
are also included in the sand casting process such as precasting
processing time and post-casting operations time. Since this
work only focuses on the manufacturing cost extracted from
product design features, pre-casting processing time and post
casting operations time were not considered in this work.
Equations (1-3) estimate the casting time for the mould filling,
metal pouring and metal solidification.
The mould filling time is calculated through the following
equation:
Tﬁl]ing =V O (1)

where Ty, 18 the mould filling time in sec, V, is the casting

lling
volume (mm®) and Q,,, is the metal flow rate in mm’-sec™.

The pouring time is measured by solving the pouring rate
expression for time as below:

Pt=W/Pr 2)
where Pr represents the pouring rate in kg-sec”, Pt denotes
the pouring time in sec, W shows the cumulative weight of the
casting, riser and gating system in kg.

The solidification time is calculated through the following
expression (Chvorinov’s Rule):

Vc n
T Blg] 3)
— pcfo 1—
b (TC/4)[ Tm_T‘initiaI ] " [TCmXmeI—[S] (4)

where, T, is solidification time in sec, V, is casting volume in
mm’, S-A is surface area in mm?, n is constant and its value lies
between 1.5-2.0, B is mould constant (sec-mm™), p, is casting
material density (kg-mm™), H, is heat of fusion of casting (J-kg™),
T, is melting temperature (°C), T} 18 room temperature(°C),
TC,, is thermal conductivity of mould [W-(m-°C)™], p,, is density
of mould material (kg'-mm™) and A, is specific heat of mould
Jkg").
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4.2 Casting cost estimation function

The prediction of casting cost generally depends on the cost
drivers relating with the casting process. This research work
develops a casting cost estimation function to determine
the global cost consumed by the preparation features of
casting process. For this purpose, a comprehensive literature

- 1271 and meetings with casting experts " were

review
conducted to identify the cost drivers. The casting cost drivers
include the cost of materials consumed, labour cost, energy
cost, overhead expenses and other direct expenses. After the
identification of cost drivers, the cost was allocated to each
driver. The cost estimation function for casting is defined by
the following expression:

T..=M.+LA+C.,+OH+0D, 5)

cast
where T, is total cost of casting, M, is material cost, L, is the

cast

labour cost, C, is the energy cost, OH, is overhead cost and
OD, is other direct cost associated with the casting process.

4.2.1 Material cost

The material cost M, for a sand casting process can be
estimated by using the following expression:

Mc = Wcast x Cw (6)
Wcast: Ucasted comp Xp (7)

where M, is material cost in £, W, is casting weight (kg),

C,, represents the material rate in £kg”’, V, is casting

asted comp

volume in mm’ and p is material density (kg-mm?).

4.2.2 Labour cost

The labour cost can be calculated by the following expression:
L=3 T*NxCI (8)

where L, represents the labour cost in £, n is the number of

activities, 7; is the time to complete the activity i in seconds, N,

is number of labours involved in completing the activity i, and
Cl is labour unit charges in £-hour™.

4.2.3 Energy cost

In the sand casting process, energy is consumed to melt the
material. Energy consumption depends upon the melt time,
furnace power and furnace efficiency. The energy cost is
calculated through the following expression:

E=Er<[(VIn=3600)] xT, (€))
where E_ denotes the energy consumption cost in £, E,
represents the unit energy price in £ per kilowatt-hour, V; is
the furnace voltage in volts, /; is the furnace current in kA,
n; is furnace efficiency, T, is the time to melt the material in
seconds.

4.2.4 Overhead expenses

Overhead expenses include the administrative overhead
expenses and shop overhead expenses. The administrative
overhead expenses include the administration cost and
depreciation cost. These costs are assigned on the basis of the

casting weight and casting hours as given below !'*':

Coverheads = Cadministrative—overheads + Cshopfoverheads (10)
Cadministrative = Ac % Dc (11)
Ac = Wcast X Cadministrativeirate (12)

Dc = Wcast X Cdepreciationirate (13)
C shop-overheads = Hcast x Cshopirate (14)

where, C, heats 18 the overhead cost in £, Cyninisuative-overheads
represents the administrative overhead costs, Cg,op overneads
denotes the shop overhead costs, A4, is the administrative cost
per kg, D, is the depreciation cost per kg, W, represents the
casting weight in kg, C,gministative rae 15 the administrative cost
rate in £kg’, Ciepreciation raie 1 the depreciation cost rate, H.,
depicts the hours to complete the casting and C,, 1 1S the
shop cost rate in £-hour™.

The administration, depreciation and shop rates are
calculated by dividing the corresponding costs over the period
of time by the total weight/time of castings manufactured

during that time span?.

4.2.5 Other direct expenses

The other direct expenses, OD,, include the cost of pattern
making, core boxes, cost of using machines, cost of
irrecoverable losses during melting, pouring and fettling,
research and development cost, and other items which were
directly identified for a particular product.

After calculating the total cost of the product, the data
is stored in a cost database for future recommendation
concerning the cost of a specific product.

5 Validation through an industrial
case study

To validate the developed system, an industrial case study
was carried out. The company selected for the validation used
the sand casting process for manufacturing products. The
core work of the company was to design and cast pumps for
waste water services. It was investigated that the company
was employing an inappropriate cost estimation method which
resulted in huge overestimates and loss of business. After
detailed meetings with the company experts, the following
requirements were listed:

(1) The company was looking for a new approach which can
help the design team to estimate the cost of alternative casting
materials and support decision making about material selection
for casting features preparation.

(2) The company was also interested in a new approach
which estimates the manufacturing cost of alternative casting
processes.

For the current research work, a decision support system
capable of selecting casting material with minimum cost is
shown in Figs. 3—8. The product selected for validation was
a volute casing of a pump (Etanorm pump model) (Fig. 3).
The company manufactured the chosen product using the sand
casting process.

The costing process for the chosen product for validation
began with the decomposition of the product into sets of parts/
subassemblies as explained in the cost estimation methodology
(Section 2). Each part/subassembly was taken one by one,
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Fig. 3: Volute casing of Etanorm pump assembly

and their possible casting design features were specified. The
specified features have been divided into three types, namely; (i)
casting process selection, (ii) casting material selection and (iii)
casting design consideration. The sand casting process for the
Etanorm casing has been selected as demonstrated in Fig. 4.

Select g/ y Process 1 Cadng
MAN_PROCESS_MAME USERID  USER_NALC
¢+ T Sl
Sand Caniing 3 M Saps
Estimator ID a Sand Casting 3 Sim
Irrerdmont Cnles 2 St
‘Sand Canting 3 M Sapd
Estimator Name M Sapd Sand Castio > Sian
S Carstineg 2 ks
Sand Canting 3 M Sapd
Manulaciuning Process Sand Casteg Sard oty 3 W S
Sand Casting 2 Sada
Sand Casting 2 Sadra
Sand Carsting 3 M Sapa
Saned Canbing 3 M Sapd
Sand Canting 3 M Sapd

Fig. 4: Casting process selection

After the selection of casting process, the casting material
selection was performed. Three types of materials, namely:
(1) Aluminium alloy 6063T6, (ii) Aluminium alloy A380 and
(iii) cast iron were selected from the material database. These
materials were selected due to their wide range of applications
including: (i) high strength at low temperature with excellent
corrosion resistance, (ii) easily recyclable with substantial
scrap value, thus providing both economic and environmental
benefits, and (iii) ability to produce complex shapes at low
cost "1 Other necessary information for casting including
physical and chemical properties of the materials has already
been provided in the material database of the developed system
(Fig. 5).

In the next step, data regarding casting design features was
entered into the developed system. Casting design features

Casting Material Selection

Material # 1 Matorial # 2 Matorial # 3
Select one Option to Select ane Option 1o Specify material  Select ane Option 1o Specify material
material from datsbase +  Specily material from database * material from database

Material Name Abranasm Aloy A0

have been provided in Fig. 6, which include the design of
pouring basin, sprue, sprue well, risers and ingates. Number of
risers and ingates were specified according to the weight of the
casting.

Casting Design Consideration

Specily Geomatric Fealures

Pouring Basin: Specify number of went / Risar 1
Length 38 Wenl / Riser # 1

Width xn Diametss 52

Height 0 Haight 200

Sprue:

Uppar Diamater 25
Lower Diameter 22

Hgh = Specify number of Inigates 2
Sprue Well: Inigate # 1
Diamater 0 Langth ]
Height 40 Width n
Runnar: Huight i
Length 40 Inigate # 2
Width n Foatures Langth 3
Height 2 Assessment [ReE =
Haight )

Fig. 6: Casting design consideration features

After specifying the materials, casting process and design
features, the system generated time estimates including
pouring time, mould filling time and solidification time
and total manufacturing. Total manufacturing time was
calculated by adding the pouring time, mould filling time
and solidification time. At this stage, it was required to input
further necessary information into the system including surface
area (mm’), casting heat of fusion (j.kg"), density of mould
material (kg.m™) and specific heat of the mould (j.kg"), as
shown in Fig. 7.

Solidification Time
Solidification Thme 1 0 o0esamar?

Pouring Time
Pouring Time 1 5 o1me31 0z

Pouring Time 2 sosowatars? Time 2
Pouring Time 3 501%s31 70002 Time 3
Mold Filling Time Manufacturing Time
Mold Filling Thme 1 1 sorarn g Time 1
Mold Filling Time 2 &2 019712140 g Time 2
Mold Filling Tima 3 1 m7ipeas1n Time 3
Surface Area (mm2) AT

Fig. 7: Casting time calculation

To calculate the total cost of casting parts, the developed
system required inputting the values of cost drivers including
time to complete the job, labour charges, number of workers/
labours, number of activities, administrative overheads, shop
overheads and other direct expenses. Once the values of all
cost drivers were fed into the system, the system generated the
estimates as shown in Fig. 8.

Among the three materials used for the comparison,
aluminium alloy 6063T6 was selected because of its minimum

Weight of Material 1 105101
Weight of Matedal 2 e
Welght of Matorinl 3 asismis

Matorial Cost 1 MammeMa  Actual Malerial cost 11107165

Total Casting Volumo  31sen7
Total Fesures Volume 5967
Total Volume e

Scrab Cost 1 28043770007,
Scrab Cost 2 /5080,
Scrab Cost 3 ysnssies

Timae lo complete the job (Hour) 2%

Labour charges (Howr) a1 Matorial Cost 2 mimemmn  Actusl Material cost 2 23 yrmomomerr
Numbaer of Workers. 2 Matorial Cost 3 1sssari  Actunl Material Cost 3 1) sy
Numbaer of Activitios 1

Totsd Labour Cost 10002

Material Hardness (BHN) %
Thermal

Tensile Strength (MPa) 241

Max Service Temperaturs (0C) 54

Min Sarvice Temperature (0C) 25
Material Unit Price o

Fig. 5: Casting material selection
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overhead Cost(kg) oo
Shop overhead Expenses(Hour) 000

Tots Overhead Expanses som
Direct olher Exponses 635
128613194451613

Cont of Pattorn making Tatal Cost using First Matarial (£)

o
Cosl of making Core Boxes 0 Total Cost using Second Muterial (E) 24 9551700967742
Cost of Using Machines o Total Cost uning Third Materisl 13 6204502258084
Enargy Cost oA £
Othor Exponnes o

Fig. 8: Casting cost estimation
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cost (£13.62) and fulfilling all other associated values required
by the customer. Using the same casting conditions, the
calculated cost was compared with the actual cost of the
product provided by the company which was £15.89. The
comparison showed least significant difference (14.3%). This
difference in cost estimate may be due to (i) casual mistakes

in the casting design feature preparation such as placement of

riser on thin sections of casting resulting in early solidification
of riser material, abrupt changing in the direction of runners
causing low pressure zones which affect mould filling, (ii)
faults resulting from the dynamics of the casting process
including changes in metal pouring pressure resulting in
porosity and shrinkage voids. The system also generated
reports to provide a clear comparison between the alternative
materials (Fig. 9). The comparison between materials has been
shown in Table 2.

Material: Aluminium Alloy A380
Manufacturing Process: Sand Casting

Product_folsl_cost  Matenal_cost Total_volume Product_weght Product_tensle_s ~

v EEEEETETE 1 omvisusts | amosess nsseI0 |32

. w
< >

Material: Cast Iron
Manufacturing Process: Sand Casting

Product_jotal_cost  Matedsl_cost Total_vokume Product_weight Product_jensle s ~
FERC AR TR 20 17057009677 4005834 292425880 n

. v

Material: Aluminium Alloy 6063T6
Manufacturing Process: Sand Casting

Product total_cost Matenal_cost Total_volume Product_weight Prod. ~
» ISR 11 ov2sozsen. |00sen 08157518 241

w

< >
Fig. 9: Summary of results

Table 2: Product cost and other values achieved using
alternative materials

Product Production

A rate
. . ht
(£) time (min) welg (parts per
(kg) q

ay)

Cost Manufacturing

Materials

Aluminium alloy

(A380) 13.66 6.90 10.86 417

Cast iron 24.96 162.94 29.24 0.18
Aluminium alloy

6063T6 13.62 6.89 10.81 417

6 Conclusion and future
recommendation

This research aimed to develop a manufacturing feature based
cost estimation system of cast parts. The developed system
enables the designers to estimate the product cost along with
other associated values. The system has been developed
in Microsoft visual studio 2016 using C# language and
Microsoft SQL server database. Three casting design features
including casting process features, casting material features
and casting design consideration features have been embedded
into the developed system. Casting time and cost functions

incorporated into the system help to predict the minimum time
and cost of product. Although this research focuses on the sand
casting process, it can be extended for other casting processes
with minor modifications.

The developed cost estimation system allows the designers
(even with little or no knowledge) to make accurate cost
estimates for new design features and explore alternative
materials. The developed system was evaluated through an
industrial case study. It was indicated from the conclusions
(drawn from the system) that the proposed system could
assist companies to reduce cost and manufacturing time of
the product by estimating total manufacturing cost throughout
the product development cycle. The authors believe that in
addition to the current capability of the developed system,
tools will be developed in the future to make the casting
process error proof.
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