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Casting since about 4000 BC...

Ancient Greece; bronze

statue casting circa 450BC
Iron works in early Europe,

e.g. cast iron cannons from
England circa 1543
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Casting

Readings; \
1.  Kalpakjian, Chapters 10, 11,
12 Ny
2. Booothroyd, “Design for Die I
Casting”

3.  Flemings “Heat Flow in

Solidification”

Note: a good heat transfer reference can be found by
Prof John Lienhard online http://web.mit.edu/lienhard/www/ahtt.html



Casting Methods

e Sand Casting e Investment Casting e Die Casting

High Temperature Alloy, High Temperature Alloy, High Temperature Alloy,
Complex Geometry, Complex Geometry, Moderate Geometry,
Rough Surface Finish Moderately Smooth Surface Smooth Surface

Finish
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Sand Casting

Description: Tempered sand is packed into wood or metal pattern
halves, removed form the pattern, and assembled with or without cores,
and metal is poured into resultant cavities. Various core materials can
be used. Molds are broken to remove castings. Specialized binders now
in use can improve tolerances and surface finish.

Metals: Most castable metals.

Size Range: Limitation depends on foundry capabilities. Ounces to many
tons.

Tolerances:
Non-Ferrous + 1/32" to 6”
Add + .003"” to 3", + 3/64"” from 3" to 6".
Across parting line add + .020” to + .090” depending on size.
(Assumes metal patterns)

Surface Finish:
Non-Ferrous: 150-350 RMS
Ferrous: 300-700RMS

Minimum Draft Requirements:
1° to 5°
Cores: 1°to 1 1/2°
Normal Minimum Section Thickness:

Non-Ferrous: 1/8" - 1/4"
Ferrous: 1/4" - 3/8"

Ordering Quantities: All quantities

Normal Lead Time:
Samples: 2-10 weeks
Production 2-4 weeks A.S.A.



Sand Casting Mold Features

Cope

Drag

FIGURE 11.4  Schematic illustration of a sand mold, showing various features.
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1OPHESET FIGURE 10.7 - Schematic
illustration of a typical riser-
gated casting. Risers serve as
reservoirs, supplving molten
metal to the casting as it
shrinks during solidification.
See also Fig. 11.4. Source:
American Foundrymen'’s
Society.

Vents, which are placed in
molds to carry off gases
produced when the molten
metal comes into contact with
the sand in the molds and core.
They also exhaust air from the
mold cavity as the molten metal
flows into the mold.



See Video from Mass Foundry




Production sand casting

a) (b)

i .
Air cylinder ] -off pin Air cylinder 1 Push-off pin
ippi on stripping fra
on stripping frame S pping frame L
FIGURE 11.8

(a) Schematic illustration of a jolt-type mold-making machine. (b) Schematic illustration of a mold-making machine
which combines jolting and squeezing.




Investment:

The investment-casting
process, also called the
lost-wax process, was first
used during the period
4000-3500 B.C. The pattern
is made of wax or a plastic
such as polystyrene. The
sequences involved in
investment casting are
shown in Figure 11.18. The
pattern is made by injecting
molten wax or plastic into a
metal die in the shape of
the object.
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Investment Casting

Description: Metal mold makes wax or plastic replica. There
are sprued, then surrounded with investment material, baked
out, and metal is poured in the resultant cavity. Molds are
broken to remove the castings.

Metals: Most castable metals.

Size Range: fraction of an ounce to 150 Ibs..

Tolerances:

.003" to 1/4"

.004" to 1/2",

.005"” per inch to 3”

.003" for each additional inch

I+

H+ H+ H+

Surface Finish:
63-125RMS

Minimum Draft Requirements: None

Normal Minimum Section Thickness:
.030” (Small Areas)
.060” (Large Areas)

Ordering Quantities:
Aluminum: usually under 1,000
Other metals: all quantities

Normal Lead Time:
Samples: 5-16 weeks (depending on complexity)
Production 4-12 weeks A.S.A. (depending on subsequent
operations).

Talbot Associates Inc.



Die Casting — Cold-Chamber Casting

Movable ~—— Fixed die haif
die half
Ejector iy,
pins - NN :
\% . ‘{ F
Cavity — |
r £ L ey R
N am
NN '—— Shot chamber

(1) (2)

Cycle in cold-chamber casting: (1) with die closed and ram withdrawn, molten metal is poured into the
chamber; (2) ram forces metal to flow into die, maintaining pressure during the cooling and solidification; and
(3) ram is withdrawn, die is opened, and part is ejected. Used for higher temperature metals eg Aluminum,
Copper and alloys



Die Casting — Hot-Chamber Casting

Cycle in hot-chamber casting: Movable ——

(1) with die closed and L A
plunger withdrawn, molten Ejécts
metal flows into the chamber; pins 4R ‘.
(2) plunger forces metal in ] ~— Plunger
chamber to flow into die, SRy = Y F
maintaining pressure during N Pot
cooling and solidification; and ' -
(3) plunger is withdrawn, die
is opened, and solidified part is
ejected. Finished part is shown (1)# SRS

in (4). &

—— Nozzie

— Gooseneck

Chamber

3 (4)



Die Casting

Description: Molten metal is injected, under pressure, into
hardened steel dies, often water cooled. Dies are opened,
and castings are ejected.

Metals: Aluminum, Zinc, Magnesium, and limited Brass.

Size Range: Not normally over 2 feet square. Some foundries
capable of larger sizes.

Tolerances:
Al and Mg + .002"/in.
Zinc = .0015"/in.
Brass + .001"/in.
Add + .001” to + .015” across parting line depending on
size

Surface Finish: 32-63RMS

Minimum Draft Requirements:
Al & Mg: 1° to 3°
Zinc: 1/2° to 2°
Brass: 2° to 5°

Normal Minimum Section Thickness:
Al & Mg: .03” Small Parts: .06” Medium Parts
Zinc: .03” Small Parts: .045"” Medium Parts
Brass: .025” Small Parts: .040” Medium Parts

Ordering Quantities:
Usually 2,500 and up.

Normal Lead Time:
Samples: 12-20 weeks
Production: ASAP after approval.




High Melt Temperature

eChemical Activity

eHigh Latent Heat e
eHandling
eOff-gassing
2000° C
1000° C
0° C

O

Tungsten Carbide, WC, o _
Silicon Carbide, SiC Cubic Zirconia, ZrO,

Molybdenum

Alumina Al,O5

Platinum, Pt

Titanium, Ti

IronFE, Plain Carbon Steels, low alloy, stainless
Nickel, Ni

Nickel Allows  Silicon, Si

Copper, Cu, Bronze, Brass

Aluminum
Magnesium  Nylon
Zinc, Zn Acetal
PTFE (Teflon)

Tin, Sn

HDPE



Mold Filling

Bernouli’s Equation: \
2
h + p Y = Const.
PEg g

Reynold’s Number:
_ vDP L

u

Re

eShort filling times

ePotential Turbulence

(see p. 273 ... Kalpakjian



Mold Filling Example ¢ of2)

Mald. Bl Exaimpe, (order ok WM \nde.)

from Bernoulli's Eqn T p=°
e wiet velooty can .
be esthimated, Y _L
=0
- =\ 2ah T




Mold Filling Example @of2)
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Solidification of a binary alloy

ﬁ\
g
2651°F Liquid solution % ——— Pouring temperature
[ . . g
(1455°C) Liquidus g— Liguid cooling
i Freezing begins
o | AN | | Freezing
‘3 I S SR R completed
@ Solidus B
Q
E, ‘ 1981°F Solid
‘ (1083°C) Total cooling
Solid solution «— solidification
‘ time
Ni 50% Cu Time "
% Copper
(a) (b)

FIGURE 12.5 (a) Phase diagram for a copper-nickel alloy system and (b) associated cooling curve for a
50%Ni-50%Cu composition during casting.



Composition change during
solidification

A A
3000
Liquid solution - — 1600
Liquid + solid o
2800 |~ 9 2651°F
(1455°C)
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% o0 2300°F | o
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= 2000 | ©
\ } ; Solid solution
‘ '
1800~ (1084°C) | L { 1000
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a: 26% : ‘| 36% : : 62% o~
| |\« | I»/| | ! | | |

FIGURE 7.2 Phase dia-
gram for the copp:ra—nlicke[ 0 10 20 30 40 50 60 70 80 90 100

alloy system. Cu % Nickel (Ni) Ni



Solidification

(b) {c)

% Liquid

ey

FIGURE 10.5 Schematic illustration of three basic types of cast structures:(a) columnar
dendritic; (b) equiaxed dendritic; and (c) equiaxed nondendritic. Source: D. Apelian.

-



Cast structures

—Chill zone Equiaxed
/A

Schematic illustration of three cast
structures solidified in a square mold:
(a) pure metals; (b) solid solution
alloys; and © structure obtained by
using nucleating agents. Source: G. W.
Form, J. F. Wallace, and A. Cibula




Pop quiz; If you top fill the
mold below, what will the part
look like after solidification?

.




Can you explain these
features?

W




Heat Transfer — Sand Casting

2
V SOLID LIQUID
[ ~| —
S
A | |
| |
Tup— — — - - —— l t
g | |
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=
FIGURE 1-6 g 1 {
Approximate temperature profile in il ! S
solidification of a pure metal poured at G l |

its melting point against a flat, smooth 0
mold wall. CISTANCE ,



Heat Transfer — Die Casting
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FIGURE 1-9 ° — - S
Temperature profile during solidification . !
against a large flat mold wall with mold- 0

meetal interface resistance controlling. DISTANCE, =x



Steady State Conduction Heat Transfer

Figure 1
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Steady State Conduction Heat Transfer

Figure 2
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Thermal Conductivity “k” of Various
Materials for Parts and Molds (W/m °K)

Copper
Aluminum
Iron

Sand
PMMA
PVC

394
222
29
0.61
0.20
0.16



Film Coefficients W/m2°K

Typical die casting 5,000
Natural convection 1-10
Flowing air 10 - 50

q = —h(AT)



Transient Heat Transfer
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Sand CaSting (see Flemings)

Define new variable C=x/~at
T-T
Use 0= v
TO_TM
m
t
(liquid metal)

To (sand)




Sand Casting

(see Flemings)

Ordinary differential eq'u
% __(do
dg?  2dg

ic. 0=1atl=co

b.c. 9=0at§=0

0= erf(

7




Solidification Time

(sand)

metal

Heat required to solidify to distance "s”

Rate eq'n (per unit area)

= A“S.p.E[

Tm

enthapy

Use Flemings
/ result here

()
aX x=0



Solidification Time (cont.)




Cooling Time; thin slab

Cooling Time = { (& )




Cooling time;intersection

Tutersection P \ .
3 3
—-—;\,\\q—h
_ , \"
V h 1] 1
—=—1+
4 2| 2| L_,
i \h ]




Pattern Design suggestions

Figure 7.2.24 [dentifying hot spots in castings by using outward projecting arrows of
length half the casting thickness. Where arrows overlap, hot spots may develop.
{Countesy of Meehanite Metal Corp.)

L s
14 H
3 3

Figure 7.2.25 Examples of relative cooling times. (Courtesy of Meehanite Metal Corp.)

Hot spot. and 1 Benuer
diffieult to maold

/

Too large a fillet
] can leadto ashrink
1 defect

™™ Best: wniform
cooling achieved

e

Figure 7.2.26 Fillet all sharp angles. (Courtesy of Meehanite Metwzl Corp.)



More
Pattern
Design

suggestions

5 4

RS !

R L ©
L |
!-4. Lo=diT - 1 —=y

Figure 7.2.28 Avoid abrupt section changes. (Courtesy of Meehanite Metal Corp.)

Figure 7.2.29 Design for uniform thickness in sections. (Courtesy of Meehanite
Metal Corp.)

; =~ Feeder I
Riser —--] ez rger )
j
. Shrink
Shrink
poir s :T' ' defect

Incorrect. Correct Incorrect- Correct
Heavy section Light section
cannot be fed at top prevents feeding

Figure 7.2.30 More intersection details. (Courtesy of Meehanite Metal Corp.)

f % 15 e
W TR T

Poor Improved

Figure 7.2,31 Design for bolting or bearing bosses. {Courtesy of Meehanite Metal Corp.)



And more...

Incorrect: Improved:
Outside and Only inside
inside cores cores required

required

Acute angles lead to too many thick sections and hot spots

=

Better, but more ribbing is needed

Better, but center rib intersection is the source of a hot spot

Figure 7.2.32
Omit outside
bosses and the
need for cores.
(Courtesy of
Meehanite Metal
Corp.)

Figure 7.2.35
Avoid using ribs
which meet at
acute angles.
(Courtesy of
Meehanite Metal
Corp.)



Die Casting
Solidification
Time

Time to form
solid part

(Liquid
To Metal)

(Tool) S

ds

q=-hA(Ty -T,)=pmHMA at
__PuvHM V
h(Ty —To) A

Also need to cool casting to below Tyg
to eject —> Teject

and will inject at Tipject > Tf-

™



Time to cool part to the ejection
temperature. (lumped parameter model)

dT

mCp ——=-Ah(T-T)

dt
let e:T_To

[( G- e

AB; =T+ ATy, - T

mold

ATy, = H/Cp

Ae1’ = Teject B Tmold

Integration vyields...

IN——
Ah A6

t =

\ n

Or for thin sheets of thickness “w

wpCp [ Tinject+ATgp ~Tmold |
n
2h Teject = Tmold J

t =

“sp” means superheat



Pattern Design Issues (Alum)

Shrinkage Allowance .013/1
Machining Allowance 1/16”
Minimum thickness 3/16"
Parting Line

Draft Angle 3 to 5%

Uniform Thickness




Pattern Design

Table 12.1

Normal Shrinkage Allowance for
Some Metals Cast in Sand Molds

Metal Percent
Gray cast iron 0.83-1.3
White cast iron 2.1
Malleable cast iron0.78 — 1.0
Aluminum alloys 1.3
Magnesium alloys 1.3
Yellow brass 1.3-1.6
Phosphor bronze 1.0-1.6
Aluminum bronze 2.1

High-manganese steel 2.6

(a) Trregular pnr'lng line

|. W I 51 'I_JJ ‘1___# (__1

FIGURE 12.5 Redesign of
a casting by making the
(b} parting line straight to

: 5 Siraight parting line avoid defocts. Source: Sieel
T
I‘” B ]

} Custing Hundbook, 5th ed.
Improved dosign

Steel Founders” Socicry of
America, 1980. Used with
PETITISSION,

FIGURE 11.7 Taper on patterns for ease of removal from the sand mold.

Pattern

+ L— Draft angle

“Fe— Flask

i Sand mold

Poor Good



Variations and Developments

Continuous casting
Lost foam molding
3D Printing of Investment tooling
Direct printing with metal droplets

Uniform metal spray



Continuous casting .us

Steel from the electric or basic oxygen furnace is tapped into a ladle and taken to

the continuous casting machine. The ladle is raised onto a turret that rotates the ladle

into the casting position above the tundish. Referring to Figure 2, liquid steel flows out

of the ladle (1) into the tundish (2), and then into a water-cooled copper mold (3).

Solidification begins in the mold, and continues through the First Zone (4) and Strand Guide (5).
In this configuration, the strand is straightened (6), torch-cut (8), then discharged (12)

for intermediate storage or hot charged for finished rolling.



3D Printing
of Investment cast tooling

o "
Spread Powder Print Selected Area Lower Piston
PR

Layer
el

Last Layer Printed Completed Parts




Shell and part (Turbine blade)




Microcasting of droplets

Cimcikda

i Liged mainl

:djscrete, aper-heated E
droplets Crucible &szembly

I rrrrrrirr

CMU MIT



Environmental Issues

Energy
Materials
Emission

Off—gassing see AFS webpage on green sand emissions;
http://www.afsinc.org/environmental.html



Process Material Flow

Recycling

! | “'Y
Product

Melting Pouring Cooling Shakeout Trim Finishing
Product
Metals __ Y
Flow
o Mold Sand Sand Processing
Mixing Formation Cooling (AO Treatment)

- -

-.1

Sand+
Flow

Recycling

A. Jones



Sand casting; boundaries

hot included
in analysis

_______________________

i sand collection | E metal_s l
| extraction |
sand, binders Energy
PM, HAP, , Mold metal (scrap),
voc " acidic alloys, flux
reparation —*
waste sand prep wastewater
l Energy
sand | molten }
metal
Metal
Casting preparation
<+= Energy
PM, CO, | - l _
VOC, HAP, slag, dross, PM, NO,, input
MO, cast spent RM HC, CO, vapor waste
metal S0, agueous waste
wastewater with |, Finishing < cleaning solvents solid waste
solvents, oils »
! scrap metal, . .
1 ! abﬁsives included in
Energy PM :
analysis
| Product |

________________

S. Dalquist



Sand casting; energy profile

‘ sand-binder mixing |

|
core forming
1.2-3.5 MJ/kg core curing
saleable casting 1
mold & core scrap
assembly preparation
l Y
mold making | mold p?urlng, 0.7 metal melting
¥ cooling MJ/kg
'
sand renewal |¢ shakeout slag, dross
removal
Melting (MJ/kq) L.
riser cutoff &
Coke-fired Cupola gate removal .
6.7 MJikg I :
Electric induction cleaning, MJ/kg
5.0-5.6 MJ/kg ﬁnish_ing,
Natural gas fired °°"It'"g
Reverberatory .
2.9-5.8 MJ/kg QA / shipping S. Dalquist

 National
statistics

e averages 6 to
12 MJ/kg (at
the factory) of
saleable cast
metal

* Melting largest
component



e pour Vs partsize ~2to 3

* thermal energy
AH = mC AT+mAH; => 0.95 (aluminum), 1.3 MJ/kg (cast iron)

* furnace efficiency, 0.6<n<0.8

* melt energy
= 3 to 6 (model) Vs 2.9 to 6.7 (statistics)



Casting Energy Example

Ranid niro negrstion

T EEEAing

Stage MJ/kg AN

Mold preparation 3.0 cﬂq%'ﬂ
Metal preparation 5.8 . P
R

Casting 0.7 TeR—

Finishing 1.2] eano, ol

: MHatural Gas,
Losses, 1304

137

Electricity losses ﬂ

Other, 7

Coke and

Breeze, 30 Met Electricity,

B3

Source: DOE, 1999.
Source: EIA, 2001.



Metals & sand used in Casting

* |ron accounts for 3/4 of
US Sand CaSt metals z|.n«:. 2% Other . 1%

— Similar distribution in the
UK

— Share of aluminum
expected to increase with
lightweighting of
automotive parts

« Sand used to castings

out— about 5.5:1 by mass

« Sand lost about 0.5:1 in
US; 0.25:1 in UK

Source: DOE. 1999.



Improving sand casting

CpAT+Ah 1 -y
My = == 170
isMS 15
kg

* reduce pour size

* improve furnace efficiency
* use waste heat

* use fuel Vs electricity



Aggregate TRI data (toxic releases)

kg released per tonne cast

goes fo 2

B Land disposal

@ Point air

B Fugitive air
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Sandcasting Emissions Factors

Emissions factors are useful
because it is often too time
consuming or expensive to
monitor emissions from
individual sources.

They are the best way to
estimate emissions if you do
not have test data.

Iron Melting Furnace Emissions Factors
(kg/Mg of iron produced)

Process Total Particulate co SO, Lead
Cupola
Uncontrolled 6.9 73 0.6S" 0.05- 0.6
Baghouse 0.3
Electric Induction
Uncontrolled 0.5 - - 0.005 - 0.07
Baghouse 0.1

*S= % of sulfur in the coke. Assumes 30% conversion of sulfur into 302.

Source: EPA AP-42 Series 12.10 Iron Foundries
http://www.epa.gov/tin/chief/ap42/ch12/bgdocs/b12s10.pdf

Pouring, Cooling Shakeout Organic HAP Emissions Factors

for Cored Greensand Molds

(Ibs/ton of iron produced)

Core Loading

Emissions Factor

AFS heavily cored 0.643
AFS average core 0.5424
EPA average core 0.285

Source:AFS Organic HAP Emissions Factors for Iron Foundries
www.afsinc.org/pdfs/OrganicHAPemissionfactors.pdf




TRI Emissions Data — 2003

XYZ Foundry (270,000 tons poured)

Surface Total transfers off
Total Air Water Total on-site | site for waste Total waste

Chemical Emissions (lbs) | Discharge (lbs) Release (Ibs) | Management (Ibs) | Managed (lbs)
COPPER 69 9 78 74,701
DIISOCYANATES 0 0 0 20
LEAD 127 40 167 39,525
MANGANESE 274 48 322 768,387
MERCURY 14.35 0 14.35 0.25
PHENOL 6,640 5 6,645 835
ZINC (FUME OR

DUST) 74 0 74 262,117
TOTALS




Readings

G. Boothroyd et al., "Design for Die

Casting"

Flemings, "Solidification Process"
Kalpakjian Ch 10-12, Skim Sec 30.9,

30.10,

Skim Ch 32 (Ch 10-12, Skim Ch 29, 30)
Dalquist, S... "Life Cycle Analysis of

Conventional Manufacturing
Sand Casting,”

echniques:



