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Learning objectives for this lecture unit

Ansys software mentioned | * Ansys Granta EduPack™, a teaching software for materials education

Intended Learning Outcomes

Knowledge and

) Understanding of the cost model included in Ansys Granta EduPack software
Understanding

Skills and Abilities Ability to use a simple cost model to guide manufacturing process choice
Values and Attitudes Appreciation of how costs influence the choice of material and processes
Resources

Text: “Materials: engineering, science, processing and design” 4t edition by M.F. Ashby, H.R. Shercliff and D. Cebon, Butterworth Heinemann,
Oxford, 2019, Chapters 1-2

Text: “Materials Selection in Mechanical Design”, 5t" edition by M.F. Ashby, Butterworth Heinemann, Oxford, 2016, Chapters 1-2

Texts: Callister, Budinski, Askeland and others — recommended reading in records
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ProcessUniverse and its organization

Shaping, Joining and Surface treatment

Price, cost and value

Cost information in Ansys Granta EduPack software
Inputs to a cost model for selection

The model and its implementation

Additive manufacturing

Part cost estimator
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Organizing info: manufacturing processes

Turning

Prlm?ry - Secondary
shaping ¢ shaping
Injection moulding
Consumable Surface
Electrode .
o treating
Joining

Parent Weld Weld Reservoir
Metal Pool Metal
Welding Painting

Compressed Air
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Organizing information: the PROCESS TREE

ProcessUniverse Family Class Member Attributes

DTAA

Blow malding

Casting Compression n Injection molding
Joining S .
/ Deformation Rotation s Material
. Shape
Processes Shaping Ricicige Injection
data-table Composite RTM
Surfacing Powder Blow
Rapid prototyping L
L
Documentation
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Finding information in the Ansys Granta EduPack Software

@ Home | @ Browse Q Search ti" Chart/Select | & * EcoAudit |[; o @ Learn ‘\ Tools ¥ | Q Settings @ Help ¥
Browse *!| ) Home Injection molding, the... *
[Database: Level 2 Change... N . ) X
Injection molding, thermoplastics
rable: {Processunmrse b | 2
|Datashee( view: | All processes ¥ Iﬂ Show/Hide | W v
kubset: ‘AII processes 4 |
B8 ProcessUniverse The process
[} Joimng
4 [ shaping Injection molding of thermoplastics is the equivalent of pressure die casting of metals. Molten polymer is Th e cost mo del iS | m p | emente d
I [ Additive manufacturing injected under high pressure into a cold steel mold. The polymer solidifies under pressure and the molding is
i : : S : £ - : ; .
I asting - the.n ejectsd. Various types of injection moldlr?g machme.s exist, but Fhe most common in use today' is the for selected sha ping reco rds
! E Composite forming reciprocating screw machine (shown schematically). Capital and tooling costs are very high. Production rate
b 8 Deformation can be high particularly for small moldings. Multicavity molds are often used. The process is used aImost
- B Machining exclusively for large volume production. Prototype moldings can be made — |
4 @8 Molding cheaper materials. Quality can be high but may be traded off against produ{ €25t mOd el and defau“s

|- [ Ceramic molding

4 B8 Thermoplastic molding
| Compression molding
Expanded foam molding tooling costs.
Injection molding, thermoplastics

B Polymer extrusion Process schematic
Rotational molding

used with thermosets and rubbers. Relative cost index (per unit) ®» * 158 - 473 usD
Some modifications are required - this is dealt with separately (see Injectio| Parameters: Material Cost = 8USD/kg, Component Mass = 1kg, Batch Size = 13, Overhead Rate = 150USD/hr, Discount Rate = 5%, Capital [&

Blow molding N Write-0ff Time = Svrs, | nad Factor =05
shapes are possible, though some features (e.g. undercuts, screw threads,

10000+

B Thermoforming
I+ B Thermoset molding
|- [ Powder methods

—
I Q Surface treatment Mould Granular Polymer 10007

100

Relative cost index (per unit)
(USD

T T
1 10 100 1000 10000 100000 1e6 1e7 1e8

Batch Size
Load Factor=0.5, Capital Write-off Time=5yrs, Discount Rate=5%, Overhead Rate=150USD/hr,
Component length=1m, Component Mass=1kg, Material Cost=8USD/kg

No B-CMYK-S01
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A shaping datasheet™

Injection molding, thermoplastics

Material compatibility

Polymers - thermoplastics ® v

Shape

Circular prismatic ©) v

Non-circular prismatic ® v

Solid 3-D ® v

Hollow 3-D ® v

Economic compatibility

Relative tooling cost ® very Tigi

Relative equipment cost ® high

Labor intensity @ low

Economic batch size (units) @ led - leb

Physical and quality attributes

Mass range ® 0.001 - 25 kg
Range of section thickness ® 0.4 - 63 mm
Tolerance O] 0.07 - 1 mm
Roughness ® 0.2 - 16 pm
Surface roughness (A=v. smooth) (O]

A I A Links to materials

Excerpts from Ansys Granta EduPack
software Level 2
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Data organization: joining processes

Kingdom Family Class Member Attributes
. P e
Brazing ~ e
Adhesives Soldering | | Gas welding
Joining Welding Gas | Material
pd Ul . ' | Joint geometry
Fasteners trasonic | 1
Processes Shaoi o | SizeRange
aping Friction... Section thickness
\ ! Relative cost ...
Surface ‘ ;
, Documentation
treatment Lap =

Butt | R

Sleeve Cm
Scarf [ T

S
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A joining datasheet™

Gas tungsten arc (TIG)
)Da(asnee« view: |All processes
0]

= Joining > Thermal welding > Metals > High temperature >

Description

Image

Image caption

(1) Hotwire TIG © TWI Ltd at flickr (2) TIG welding © TWI Ltd at flickr

The process

Tungsten inert-gas (TIG) welding is a heavy-duty welding process (others are MMA and MIG) is the cleanest
and most precise, but also the most expensive. In one regard it is very like MIG welding: an arc is struck
between a non-consumable tungsten electrode and the work piece, shielded by inert gas (argon, helium,
carbon dioxide) to protect the molten metal from contamination. But, in this case, the tungsten electrode is
not consumed because of its extremely high melting temperature. Filler material is supplied separately as
wire or rod. TIG welding works well with thin sheet and can be used manually, but is easily automated. Both
penetration and deposition rates are much less than those of MIG welding, but precise control of the weld is
easier.

Process schematic

Non-Consumable
Tungsten Electrode

Parent Weld Weld
Metal Pool Metal

Figure caption

Tungsten - inert gas welding

Material compatibility
Metals - ferrous
Metals - non-ferrous

Function compatibility
Electrically conductive
Thermally conductive
Watertight/airtight
Demountable

Joint geometry compatibility
Lap

Butt

Sleeve

Scarf

Tee

Load compatibility
Tension

Compression

Shear

Bending

Torsion

Peeling

Economic compatibility
Relative tooling cost

Relative equipment cost
Labor intensity

Physical and quality attributes
Mass range

Range of section thickness

Unequal thicknesses

Processing temperature

©ee @eeeee CHCSHCNCNC) @eee [SHC)

@eee

LSS (S| S X < < <

L S S S

low
medium
low

870 -
0.7 -

597 -

2.25e3
8

1.98e3

kg
mm

-
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Data organization: surface treatment

Kingdom Family Class Member Attributes
Joining -
Anodize
Processes —— shaping . Material
Heat treat Electroplate Function of treatment
Paint/print ) ' Coating thickness
Surface P Anodize &
Coat Surface hardness
treatment Powder coat ! lati
Polish . Relative cost ...
Metallize... Documentation
Texture ...
Increased hardness Thermal insulation
Wear resistance Electrical insulation
Fatigue resistance Color
Corrosion resistance Texture
Oxidation resistance Decoration ....
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A surface-treatment datasheet®

11

Induction and flame hardening

|Datasheet view: | Al processes v <3 -

t > Heat treatments >

Description
Image

Image caption

(1) A flame hardened metal part © Metal Technology Co. Ltd. (2) A timing sprocket for an engine that has
been heat treated to a specific hardness, and then flame hardened at only the surface of the teeth ©
Zaereth at Wikimedia Commons (CC BY 4.0)

The process

Induction hardening allows the surface of carbon steels to be hardened with minimum distortion or
oxidation. A high frequency (up to 50kHz) electromagnetic field induces eddy-currents in the surface of the
work-piece; these currents heat the surface into the austenitic phase-region, from which it is rapidly cooled
from a gas or liquid jet, giving a martensitic surface layer. The depth of hardening depends on the frequency
of the electromagnetic field. In flame hardening, heat is applied instead by means of one or more
high-temperature gas burners, followed, as before, by rapid cooling. Both processes are versatile and can
be applied to work pieces that cannot readily be furnace treated or case hardened in the normal way.
Induction and flame hardening allow selective hardening of particular areas of the work piece. Both give a
surface layer with a hardness that is lower than that of diffusion-based processes like carburizing and
nitriding, but the depth is greater. The hardened surface layer carries internal stresses that can lead to
micro cracking if the process conditions are incorrect.

Process schematic

Quench medium

HF magnetic

Workpiece

Material compatibility

Metals - ferrous

Function of treatment
Hardness

Wear resistance

Fatigue resistance

Friction control

Economic compatibility
Relative tooling cost

Relative equipment cost
Labor intensity

Physical and quality attributes
Surface roughness (A=v. smooth)
Curved surface coverage

Coating thickness

Surface hardness

Processing temperature

Process characteristics

Discrete

C]

CHCNCNCHNC) ©ee [SHCSNCHC]

©

L N SN

low
medium
low

A

Very good

300 - 3e3
420 - 720
454 - 521

HV
°C
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Cost, price and value

Cost = what it actually costs to make the part or product
Price = the sum you sell it for
Value = the worth the consumer puts on the product

The real requirement is

To maximize profit, P - C
C < P <V we seek to minimize C

“Not worth the price” means P>V

“Good value for money” means P<V

The cost of producing a component of or product is made up of
the material cost
the cost of manufacture
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The material cost

Commercially pure titanium

7] | & .
y —=< WA

1. Titanium Billet © Kirt Edblom at flickr (CC BY 2.0) 2. Titanium makes cool colors and patterns when it gets
burned © David DeHetre at flickr (CC BY 2.0) 3. PowerBook G4 Titanium © Raneko at flickr (CC BY 2.0)

|Da[aShEE[ view: ‘AII properties

Caption

The material

Titanium is the seventh most abundant metal in the Earth's crust, but extracting the metal from the oxide in
which it occurs naturally is unusually difficult. This makes titanium, third member of the light alloy trio, by far
the most expensive of the three (more than ten times the price of aluminum). Despite this, the use of titanium
is growing, propelled by its remarkable properties. It has a high melting point (1677 C), it is light, and - although
reactive - its resists corrosion in most chemicals, protected by a thin film of oxide on its surface. Titanium has
unusually low thermal and electrical conductivity, and low expansion ceefficients.

Compositional summary @

>99% Ti

General properties

Density (O] 45103 ke/mA3
| Price ® *144 - 192 USDrkg
® 1910

| Date first used

Material prices are updated
once per year...

®Back O |

Copy ll\:r:*' Print

Material price
Definition and data sources.

Using data for price.
Further reading.

Definition and data sources. Properties like modulus, strength, or conductivity do not change with time. Cost is
troublesome because it does. Supply, scarcity, speculation, and inflation contribute to the considerable fluctuations
in the cost-per-kilogram of a commodity like copper or silver. In addition there are three pricing tiers: manufacturer,
distributor, and retail. Individual vendors have their own pricing scheme; their prices depend on how much you want
to buy and whether or not you have "favored customer" status.

Spot prices for commodity metals and polymers are published daily in sources such as
+ London Metal Exchange, Metal prices: (https://www.Ime.com/
+  Plastics Technology on line, Polymer prices: (http://www.ptonline.com/ )

but those for others are harder to come by. The Ansys Granta team upgrade the prices regularly and have
algorithms for extending the upgrades to alloys, composites, and filled polymers. Every effort is made to ensure that
these are realistic, but it is ESSENTIAL to recognize that the only totally reliable price is the one that the vendor
quotes you (see also Cost modeling in the ProcessUniverse).

Top
Using data for price. The price of a material is expressed as $/kg (the units used here - but note that you can
change both currency and units of mass in the software). When a material provides a space-filling role, as polymers,

concrete, insulation foam, and the like often do, it is price per unit volume $/m> not per unit weight, $/kg, that is
relevant. More generally still, it is price-per-unit-of-function that is the proper measure.

perunitmass (S/kg)

Titanium, alpha (Ti)

|Datashest view: iements v

Vvater usage, pure element

Data note

Critical materials information

In EU Critical list?

In US Critical list?

Abundance risk level

Environmental country risk Herfindahl-Hirschman Index, HHI
Environmental country risk level

Sourcing and geopolitical risk Herfindahl-Hirschman Index, HHI
Sourcing and geopolitical risk level

Price volatility

Price volatility risk

CHCRCNCHSHCHCHONC)

Ty 7Kg

Minimum value

4

4

Low

0.7

Very low

0.55

Very low

83.8 %
Very low

Science Note
highlights
price/cost issues

©2025 ANSYS, Inc.
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Estimating cost

When alternative material-process combinations meet the constraints, it is logical to
rank them by cost

Cost estimate for competitive bidding -- absolute cost is wanted, to + 5C0o

Cost estimate for ranking -- a relative cost is OK — but need generality

Generic inputs to any manufacturing process:

Materials
Ener
All have an BY .
iated cost Manufacturing
associated cos Capital process Product
Time
Information

Waste materials and energy
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Inputs to a generic cost estimator

Generic = can be applied to any process

including consumables

cost of equipment
cost of tooling

overhead rate (including labor)
cost of energy

R&D or royalties

S/kg

S/hr
S/hr
S/year

Lump into

overhead rate

Coh

\nsys
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The cost per unit of output

m-C C 1| C ‘ C
= d + L + = ¢ |A+d)w 4+ =20
1-f n n|L-t, n
Characteristics of the process
Cost of equipment C. The database has
Cost of tooling C, approximate value-ranges for
Production rate . these
n
Site-specific, user defined parameters
Batch size n
Mass of component m
Capital write-off time t,
Load factor L These are entered by the
Discount rate d user via a dialog box

Overhead rate Coh
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Features of a cost model

Tooling costs
dominate

Relative cost per component

Casting alloy con-rod

104

--------------------------------------------------------------------------------------

| e = e o o g e o e o= s
| | ‘ H
! Matetial cost m@m

0.1 5 . : H : i .

1 10 102 1+ 103 1 104 105 106
Number of compdnents

| |
| |
| |

Identify most economic process
Dependence on overhead rate etc.

©2025 ANSYS, Inc.
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Relative cost index (per unit)

Cost model in Ansys Granta EduPack software Levels 2 and 3

(USD)

100004

10007

1004

104

Cost modeling

Relative cost index (per unit) 15.8-47.3 USD
Parameters: Material Cost = 8USD/kg, Component Mass = 1kg, Batch Size = 1e3,
Overhead Rate = 150USD/hr, Discount Rate= 5%, Capital Write-off Time = 5yrs, Load Factor = 0.5 E
Name \H/ Limits Value
Capital Write-off Time (yrs) 1-25 5
Component Mass (kg) 0.001-10000 1
Component Length (m) 0.01-100 1
Discount Rate (%) 0-100 5
Load Factor 0.1-1 0.5
| Material Cost (USD/kg) 0.1-10000 8
1 ' """1';0 ' m ' ""'1'5,;00' "';g,iw' "'1'55;000' 15 ' ” ' 13 ' Overhead Rate (USD/hr) 1-500 150

Batch Size
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15 additive manufacturing processes

Browse
Database: Level 2 Change... Electron
i gun
- Electromagnetic
Tahle: ‘F‘rucessUnwerse b ‘ Iensg
Subset: ‘AII processes v ‘ Beam deflector
Vacuum chamber
ProcessUniverse Eleciron beam (10 mm Hg)
Joining
Shaping

B3 additive manufacturing
ﬂ Deposition methods
B Ballistic particle (obsolete)
B Laser powder forming

B Material extrusion
'3 Powder bed fusion
ﬁ Electron beam melting

B Selective laser melting

B selective laser sintering, metals and ceramic ELECTRON BEAM MELTING (EBM) is a powder bed fusion technique similar to
E Selective laser sintering, polymers SLM. In this process a high-energy electron beam is scanned across a thin
E Solid ground curing (obsolete) layer of metallic powder, causing local melting and resolidification. A thin

ﬂ Printing methods layer of powder is then spread on top by a wiper or milling head and the

process repeated until the object is complete. To maintain a steady-state
uniform temperature throughout the build, the substrate is heated before
laying the powder bed. Operating at an elevated temperature results in a
grain pattern more similar to cast microstructures. As with other additive
manufacturing processes, a CAD solid model of the part is used to create the

B Binder jetting
B Ceramic-mold prototyping for metal casting
B Material jetting
ﬂ Sheet lamination

B Laminated object manufacture code to guide the electron beam.
B Ultrasonic consalidation
[ stereolithography This process is also known as in-situ shelling.

B Mask projection stereolithography

E Stereolithography

©2025 ANSYS, Inc. \nsys GRANTA EDUPACK



Clamp Clamp

In LOW PRESSURE DIE CASTING, molten metal is displaced upwards into a
die by low pressure gas. The die cavity is filled slowly upwards which
minimizes entrained air and gives high soundness. Such castings have
better metallurgical integrity than conventional die castings, and they can
be heat-treated. The process has most of the benefits of die casting without
the disadvantages. The dies are made from cast iron which is comparatively
cheap and easy to machine. Tool steel inserts may be used for high
production runs of complex castings. Tooling costs are about half those for
pressure die casting. The process is only suitable for low melting point alloys
(Tm < 950 C). Shapes are of average complexity and undercuts are possible
but expensive.

Traditional
vs Additive

Comparison of manufacturing processes

. Electron

e gun

Electromagnetic
lens -

Beam deflector _|
Vacuum chamber

5
Electron beam (10 mm Hg)

ELECTRON BEAM MELTING (EBM) is a powder bed fusion technique similar to
SLM. In this process a high-energy electron beam is scanned across a thin
layer of metallic powder, causing local melting and resolidification. A thin
layer of powder is then spread on top by a wiper or milling head and the
process repeated until the object is complete. To maintain a steady-state
uniform temperature throughout the build, the substrate is heated before
laying the powder bed. Operating at an elevated temperature results in a
grain pattern more similar to cast microstructures. As with other additive
manufacturing processes, a CAD solid model of the part is used to create the
code to guide the electron beam.

\nsys
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Comparison of manufacturing processes

Clamp

Clamp Traditional

vs Additive

Cost model and defaults

Relative cost index (per unit)

Parameters: Material Cost = 8USD/kg, Component Mass = 1kg, Batch Size = 1e3, Overhead Rate = 150USD/hr, Discount Rate = 5%, Capital {2

Relative cost index (per unit)

Write-off Time = Syrs, Load Factor =0.5

(UsSD)

. Electron

e gun

Electromagnetic
lens -

Beam deflector _|

Vacuum chamber

5
Electron beam (10 mm Hg)

L—II" Workpiece

Cost model and defaults
@ 53 usD Relative cost index (per unit) @ 456 usD

100007~

10003~

1009~

Relative cost index (per unit)

T
1 10 100

t T t
10000 100000 1e6 1e7 1e8

Batch Size

Parameters: Material Cost = 8USD/kg, Component Mass = 1kg, Batch Size = 1e3, Overhead Rate = 150USD/hr, Discount Rate = 5%, Capital {2

Write-off Time = 5yrs, Load Factor =0.5

(USD)

456

4555

t T T t T T t
1 10 100 1000 10000 100000 1e6 1e7 1e8

Batch Size
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Comparison of manufacturing processes

Traditional
vs Additive

100

Relative cost index (per unit)
(USD)

. Electron
gun

Electromagnetic
lens .

Beam deflector _

Electron beam |

Vacuum chamber
(10 mm Hg)

\.

U\\
E‘A

Cross-over point: ~200 parts /

IUIJ'J ‘\UéD’D
Batch Size

100000
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Synthesizer model for part cost

‘1l
II i Il

Cost contributors Total Part h

Cost per part

B vaterial 1
- Material 2

Quickly estimate the cost to manufacture
a component

Raw Forming
process

Surface

Assembly
treatment

method

Compare different classes of materials and processing routes

©2025 ANSYS, Inc.
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Part cost comparison: Door panel

120+

Steel YS140

Cost estirﬁate \' Batc:lé size

100] = rolled\pressed

{PP (20% talc)
] o
{ molded

Part cost (USD)

.”1l[}[}0 I 10000 l I .I”1.[}I[}|[}[}[} I I I“”1e{3‘
Batch size
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Summary

Processes can be organised into a tree structure containing records for structured data
and supporting information, Links connect processes to materials

Select on primary constraints
Shaping: material, shape and batch size
Joining: material(s) and joint geometry

Surface treatment: material and function of treatment
Simple cost model introduces the basic features of process costs adequate for ranking
The cost of a product consists of material cost and manufacturing cost
Additive manufacturing has the same unit cost for all batch sizes

The part cost estimator in the Synthesizer tool can be used to estimate
manufacturing costs for different options
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Ansys Education Resources Feedback Survey

Here at Ansys, we rely on your feedback to ensure the educational content we create is
up-to-date and fits your teaching needs.

Please click the link below to fill out a short survey (~7 minutes) to help us continue to
support academics around the world utilizing Ansys tools in the classroom.
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https://ansys.typeform.com/to/jcattJI5
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Use and Reproduction
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Document Information
This lecture unit is part of a set of teaching resources to help introduce students to materials, processes and rational selections.

Ansys Education Resources
To access more undergraduate education resources, including lecture presentations with notes, exercises with worked solutions, microprojects, real

life examples and more, visit www.ansys.com/education-resources.
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