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Diagram of a typical injection molding process. (Image taken from the OSHA Technical Manual.)
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Monomer Polymer repeating unit
H H H H

(|3=(|3 (—J:—(':— Polyethylene
b A

H H H H

l.’|3=lr|3 (CC Polypropylene
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(|3=(|3 (CC Polyvinyl chloride (PVC)
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(|3=(|3 (CC Polystyrene
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T
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o

Polytetrafluoroethylene (PTFE)

FIGURE 7.2 Molecular structure of various polymers. These are

examples of the basic building blocks for plastics.

T

(a) Linear (b) Branched

(c) Cross-linked

(d) Network

Ref Kalpakjian and Schmid

(o] H H
I | N -
Cl—C—CH,—CH;—CH;—CH,—C—Cl + N—GH,—CHy—CH,—CHy —CH, —CH —N__
Adipoyl chloride i Hexamethylene diamine H
i | |
—G—GHp—CHp— CHy— CHp— C—N—CHy— GHy— CHy— CH,—CH,—GCH,—N  + HCI
Nylon 6.6 Condensate
(a)
v 1
H H H H{H HIH H
| | Heat, pressure, LTl iyl
c—C —C—C—TC—C+C—C— | Polyethylene
[ catalyst [ O I
H H HOHiH HI H /n
Mer
(b)
FIGURE 7.3 Examples of polymerization. (a) Condensation polymerization of nylon 6,6 and
(b) addition polymerization of polyethylene molecules from ethylene mers.
T T T T
TABLE 7.2
Glass-transition and Melting Temperatures .
of Some Polymers i N
Material T, (°C) T, (“—C) Nylon 6
Nylon 6,6 57 265
Polycarbonate 150 265 &
Polyester 73 265 ks 01
Polyethylene a Natural
High density ~90 137 g rubber: PVC
Low density -110 115 @ 5% Sulfur
Polymethylmethacrylate 105 — % 0-01 ‘
Polypropylene —14 176 1G]
Polystyrene 100 239
Polytetrafluorocthylene —90 327
UUISIOUUO
Polyvinyl chloride 87 212 0-001 T
Rubber =73 — |
1 Il 1
-100 0 +100 +200
Temperature (°C)
4.21 Dependence of the shear modulus on temperature for three representative engineer-

ing polymers: natural rubber (cross-linked); PVC (essentially amorphous and not cross-linked);
and nylon 6 (crystalline). The temperatures at which these polymers are used in technology
are indicated (s—s—s—e—s) (after Wolf).

McCrum, Buckley, Bucknall 4



Outline

# Basic operation

# Cycle time and heat transfer

# Flow and solidification

# Part design

\V

# Tooling



Injection Molding Machine
for wheel fabrication

30 ton, 1.5 fl oz (45 cm3) Engel
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* Source: http://www.idsa-mp.org/proc/plastic/injection/injection_process.htm
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Process Operation
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Typical pressure/temperature cycle
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for polymer

sec

2
3cm

a=10"

04

(half thickness)?

Cooling time generally dominates cycle time
cool —

t

* Source: http://islnotes.cps.msu.edu/trp/inj/inj_time.html
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Calculate clamp force

CLOCK-N-LOCK CAP

=P X A =420 tons
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RUBBER O-RING

2245 cm?3
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Clamp force and machine cost

351

Design for Injection Molding

] i | 1 1 1 1 |
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Clamp Force, KN (thousands)

Figure 8.9 National average injection molding machine rates.

Boothroyd/Busch
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Heat transfer v o >0, .

p
4
1-dimensional heat conduction equation :
0 0
0, —> — q, + Aq, _(pCT)A)CAy=— 9. AXAy
ot 0x
oT
Fourier’s law qx = —k a
LT e 9T 9T
ST dx’ ot dx’
Boundary Conditions: 1stkind T(x= x')=constant
2ndkind - k‘;—)T((x= X')=constan
: ol -
3rdkind —~ ka— (x=X)=h(T-T))
X

The boundary condition of 1st kind applies to injection molding since the

tool is often maintained at a constant temperature "



N

Heat transfer

/x Ti Let Ly, = H/2 (half thickness) = L ; t,, = L%/ ;
¢t

ATy, = T, = T, (initial temp. — wall temp.)

T-T,
— Non-dimensionalize: 0 = —2%; E=-+1;
-L § +L 7:- - TW L
2

Dimensionless equation: 06 — 070
oF, 0&°

Initial conditon Fy =0 0 =1

Boundary conditon &§=0 =0

E=2 0=0

Separation of variables ;
matching B.C.; matching I.C.

6(§,F0)=2 f(Fo)9(&)




Temperature in a slab
Centerline, 6 = 0.1, F, = at/L?

1

10

on
06

04

—

——

W
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Fas oi?

Fo = anfL”

See Heat Transfer Text

By Lienhard on line

Bi-l =k/hL

FHAIRE 37  The trumsient temperstare disinbislion in o bl al sie perabion
=0 b comier, /)= | i e oubsbs boundary

14



Reynolds Number

N

pV? . .
Reynolds Number: Re = Tmertlal _ pVL
e =—% =

Uiz viscous

For typical injection molding
p=1g/ecm’=10°N/m*/s*; L, =10"m thickness

Part length _ 10~
Vs - o u=10°N-s/m’

Fill time ls

For Die casting ~ 3.103x10"1x1073

R = 300
€ 103

15

* Source: http://www.idsa-mp.org/proc/plastic/injection/injection_process.htm
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Newtonian Viscosity
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Viscous Heating

Rate of Heating P Fv F v 1%
= Rate of Viscous Work Vol = Vol )\ Z - U 7
Rate of Temperature rise dT v\ 2 AT u (v\’
L] w e
dt h dt p-c\h
Rate of Conduction out dT k d°T k AT

dt p-c dx’ i p-ch’

Viscouseating uv*
Conduction KAT

Brinkman number

For injection molding, order of magnitude ~ 0.1 }9 10




Non-Isothermal Flow

N

L

7 Flow rate: 1/t~VIL, Peclet No.

v —»

. ~ 2
W Heat transfer rate: 1/t ~a/(L,/2)

Flow rate _ V- LZZ . 1VL, L;  Small value
Heat xfer rate 4a-L, 4 a L, -~ >hortshot

For injection molding
Flow rate 1 10_ 0.1cm 0 1lcm

Heat xfer rate 4 10-3 cm?  10cm
S

= 2.5

For Die casting of aluminum
Flowrate 1 10— 0.1cm 0.1cm _

Heat xfer rate 4 0.3 cm2 "10cm

* Very small, therefore it requires thick runners 18




N

Non-Isothermal Flow

L

7 Flow rate: 1/t~VIL, Peclet No.
v —» i N 9
W Heat transfer rate: 1/t ~a/(L,/2)
Flow rate V-12 1VL, L, Smallvalue

Heat xfer rate 4a-L, 4 «a L, > Shortshot

For injection molding
Flowrate 1 10— 0.1cm 0.1cm _

Heat xfer rate 4 10-35M 10cm

For Die casting of aluminum
Flow rate 1 10_ 0.1cm 0 1lcm

Heat xfer rate 4 0.3 M2 em? N 10cm

= 1072

Very small value for aluminum requires thicker runners 19




die cast mold

Injection mold

Multiple-cavity die

Single-cavity die

ie
!BY

@ Die |D| &
(A’

& D
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Combination die

= Gate

r-Cavity

\V

Unit die
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hot core

=
=
=
=

Direction
of flow
Gas

front
* Source: http://islnotes.cps.msu.edu/trp/inj/flw_froz.html ; ** Z. Tadmore and C. Gogos, “Principles of Polymer Processing”

Advancing

Frozen surface layers (skin)

Fountain Flow

\V
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Shrinkage distributions
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* Source: G. Menges and W. Wubken, “Influence of processing conditions on Molecular Orientation in Injection Molds”



Gate Location and Warping

\V

Direction of flow — 0.020 in/in
Perpendicular to flow — 0.012

Shrinkage

\ . 4
60.32°

/ = /

Center gate: radial flow — severe distortion

1.976

2.0

After shrinkage

Before shrinkage

e

Air entrapment

Gate

Edge gate: warp free, air entrapment

End gates: linear flow — minimum warping;

Diagonal gate: radial flow — twisting



Effects of mold temperature and

pressure on shrinkage
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Where would you gate this part?

25
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holes for
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Features

boss
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Design

* Source:


http://www.idsa-mp.org/proc/plastic/injection/injection_design_2.htm

Weld line, Sink mark

Weld line

ied part

Soli

Mold Filling

a5t

material

Basic rules in des

low shrink

50t

material

high shrink

\V

Sink mark

bs

igning ri
k marks 57

inimize sin

tom

* Source: http://www.idsa-mp.org/proc/plastic/injection/injection_design_7.htm
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ICK

sink

w

wn

Thick bosses can cause sink
on the other side of part

Knit lines may form
downstream of
through-holes

Thinner sections may not fill
and can cause surface flaws.

Thicker features can sink,
have voids or cause warp.

Thick ribs can cause sink on
the other side of the part.

Surface finishes:

SPI-A2 High polish, no tool marks
(suitable for many applications

but not for precision imaging).

SPI-B1 Finished with 600

grit paper; no tool marks.

SPI-C1 Finished with a 600

grit stone; no tool marks.

PM-FO As-machined or to Protomold
discretion (default B-side finish).

PM-F1 Mostly SPI-CI, but evidence of
underlying tool marks may still be noticeable
in some areas (default A-side finish).
PM-T1 SPI-Cl followed by light bead blast.

PM-T2 5PI-Cl followed by medium
bead blast.

k|

7

o

proto labs

Real Parts. Really Fast

If you incorporate the boss
into the wall, do so without
undesirable thicker sections.

3 Design bosses and ribs

to be 40-60% of the
wall thickness. Bosses
can be strengthened
with gussets rather than
using thicker walls.

Tie bosses to walls
with short ribs.

O

10 Create undercut

features that can be
molded using sliding
shutoffs in straight-pull
molds. Maintain 3 degree
minimum draft on shutoffs.

11 Core out thick sections.

12 Living hinges add

functionality but parts

can be difficult to fill. They
work best in polypropylene
or polyethylene.

13 Side action cams can create

features perpendicular to
the main direction of pull.
These include holes, hooks,
text, texture on side walls,
and much more.

Visit www.protomold.com/
designguidelines for
more tips on design.

www.protomold.com | 877.479.3680

28




n.

—_

e
e

Dimensional tolerance (mm)

T

100

Typical part dimension (mm)

1

Where is injection
molding?

-1 0.1

Controlled by shrinkage
and warping. Hence,

|, “POlymer, fillers, mold

geometry and processing
conditions can all
influence the final
tolerance.

~—_Shrinkage is of order

10-100/1000 for unfilled
0.0001 and

o0 ——1-10/1000 for filled across

the thickness

29




n.

0.1 1 10 100
100 T T T T

|

g0 : Where is injection
o® ) moldina?

™ L=4

TABLE 8.7 Percentage Increases for Tolerance

Tolerance Description of Percentage

level tolerances increase h rl N k a g e

All greater than £0.5 mm 0
Most approx. £+0.35 mm 2 Iel"lcel

Several approx. £0.25 mm 5
Most approx. £0.25 mm 10 m0|d

Several approx. £0.05 mm 20 p rocessi ng
Most approx. £0.05 mm 30 ”
d

From Boothroyd et al
mmuence ure nal

tolerance.

~—_Shrinkage is of order

10-100/1000 for unfilled
0.0001 and

0.0011 : :

10 00 1000 o0 —~1-10/1000 for filled across
Typical part dimension (mm) the tthkneSS

—
I
.
2
ae

U R VA N )

e
—
{

Dimensional tolerance (mm)

0.01

T

30



Tooling Basics

€V

Nozzle

Sprue

Core Plate

Core

Moulding

Cavity Plate

Cavity

Basic mould consisting of cavity and core plate

Cavity

e

Runner

Gate

Melt Delivery

31



Stripper plate

Core

Runner

/

Part —

32



Tooling for a plastic cup

Stripper
plate

A
\V

33
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Side pull in position

Toy tooling example

34

from Protomold



- Core

= Cawvity

Section A-A  Plastic Part

k%

** http://www.hzs.co.jp/english/products/e_trainer/mold/basic/basic.htm (E-trainer by HZS Co??LSd.)

’

/

injection

* Source: http://www.idsa-mp.org/proc/plastic/


http://www.idsa-mp.org/proc/plastic/injection/
http://www.hzs.co.jp/english/products/e_trainer/mold/basic/basic.htm

Plate

Stripper
plate

e

Plate

Plate

Plate Gate

Tooling Alternatives

Runner
(a) Two-plate mold

(b) Three-plate mold

Plate

Ejector
pins

£
L

Parts

Hot plate;
Runner stays molten
|

\V

Plate

Sprue
bushing

(c) Hot-runner mold

Types of molds used in injection molding.

FIGURE 19.11

Ka]pakjian & Schmid
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Undercut features to hold tape on
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Evidence of tooling

feature
/
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Part design rules

# Simple shapes to reduce tooling cost
= No undercuts, etc.

# Draft angle to remove part
= In some cases, small angles (1/4°) will do

= Problem for gears
# Even wall thickness
# Minimum wall thickness ~ 0.025 in
# Avoid sharp corners

#® Hide weld lines

= Holes may be molded 2/3 of the way through the

wall only, with final drilling to eliminate weld lines
38




Novel development- Gas
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Cores used in Injection Mold
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Part Molded in Clear Plastic
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Conformal Cooling Channels

Tooling built using
Additive Manufacturing

Innomis.cz
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Environmental issues

# Energy

= Polymer production

= Compounding
= Machine types

e

\V

# Recycling
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Polymer Production
) Largest Player in the Injection Molding LCI

N ]
What is a polymer:
HHHHHHHHUHEH HH
T I R T R I
—C—C—C—C—C—-C—-C—C—C—C—-C-C
I I I I I I I I I I I I
H CH CIH CIH Cl H C H

How much energy does it take to make 1 kg of polymer = a lot !!!

Sources HDPE | LLDPE | LDPE PP PVC PS5 PC PET
Bousead 76.56 .9 [£ 7249 Sd.41 86.46 115.45 AL
As by 111.50 — 2200 111,20 19,20 118,00 — m—
FE'I!! ——— ———— g s —— 53.20 A0.80 g80.30 5940
KindierNickles
Womell etal.

[F']-i'El 1999] 6780 5240 82.70 f8.20
E "~ Handbook

131.65 121.18 13607 128.07 33.24 ————— —————e R
PlT 1997] | |
E nergeweb B80.00 — &8.00 64.00 57.00 84.00 e 81.00

Values are in MJ per kg of polymer produced. Thiriez 4@6




T

T
~ 250 GJ/kg

111 BT T S S , ; : . =
: y I_Embodled energy per unit mass
1 Mg-alloys
: W-alloys Metal foam
’ RS Aluminum nitride { AI-SiC composite
* 5 ATFE / _ (o crre
] ||/ Ni-alloys Nylons Boron carbide
./ [} ABS pg {JSilicon nitride SMC  GeRrp
o) n PET Tungsten carbides
@) Cu-alloys I Z 9 10g /
i s S S, ] SN I [N—" i - . "dpggpann
< 1024.. e, = o o%es l/ll l/l ‘I|/| B/ v erc.ar-\cla ' /l
g ] Stainley. Iy o a . " #—Silicon carbide Ceramic foam
> {mn—ia ' Tin PP 0 l ’ B Alumina
o ] M ./ Polyester
alloys 0 o
o
= Low a"Vl | PLA 0 I{Bgll'g:glcate Paper and
)] steels cardboard
O
Q Carbon ] Soda-lime
o steels glass A Plywood .
L 40 v ...Cast..; _ ; ; _ v
LIEJ 1 irons Granite Hardwoods —jg g l
ﬂ Softwoods /I
Cemen l
Brick Bempeo
1 Plaster ~ B l]
COnche
1.0 Metals Polymers ~ Ceramics i Hybrids  wraos
T T 1

[V MR A bar chart of the embodied energies of materials per unit mass.
Ashby 2009
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Compounding - extrusion

.
%
# An extruder is used to mix additives with a polymer base, to
bestow the polymer with the required characteristics.

# Similar to an injection molding machine, but without a mold
and continuous production.

# Thus it has a similar energy consumption profile.

Environmentally Unfriendly Additives:

*Fluorinated blowing agents (GHG’s)

*Phalates (some toxic to human
liver, kidney and testicles)

*Organotin stabilizers (toxic and
damage marine wildlife)




Injection Molding Process

A

(45
O
o]
>
o

N

/Icache.husky.ca/pdf/br

http

pdf

icO3a.

ochures/br-hylectr

Hydraulic, electric, hydro—electric

Machine types

48
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[Thiriez
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Source

The hydraulic plot would be even higher than the hybrid curve




For Hydraulics and Hybrids as throughput
“increases, SEC - k.

la Variable Pump Hydraulic Injection Molding Machines.
& HP 25
HP 50
« HP B0
——HP /5
A = HP 100

Low E nthalpy - Raise Resin 0 Inj. Temp - PVC
— — High Enthalpy - Raise Resin w Inj. Temp - HOPE

. .
& F
- =
L 3 —— - -
0 50 100 150 200
Throughput (kg/r)
Does not account for the electric grid. Source: [Thiriez]

Enthalpy value to melt plastics is just 0.1 to 0.7 MJ/kg !!! 50
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Driers

¢ Used to dry internal moisture in hygroscopic polymers and external
moisture in hon-hygroscopic ones.

W@re extruding and injection molding.

E 1.8
= W300 Power Trendline
a 1.6 X
E 14 4% *e— W0 R? w0.8225
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LCI Summarized Results

ENERGY CONSUMPTION BY STAGE in M) kg of shat

Thermoplastc Production
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Injection Molder
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averages between hygroscopic and non-hygroscopie values. For hygroscopic materials such as PC and PET
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Source: [Thiriez]

addonal drying energy is needed (0.65 MJ kg in the case of PC and 0.52 MJ kg in the case of PET)
Pelletizing - in the case of peletizng an extra 0.3 MJ kg s needed for PP

Granulating - a scarmp rate of 10% is assumed
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Hybrids -~

Recycle fraction in current supply
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Do Polymers get recycled?
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Ref Ashby 2009

(VMM Recycle fraction bar chart.



The printer goes in the hopper...
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And comes out....
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Readings (first 3) & Refs

# Tadmore and Gogos
= Molding and Casting pp 584 -610

# Boothroyd Dewhurst

= Design for Injection Molding pp 319 - 359
# Kalpakjian Ch 7 & 19

@ Thiriez et al, "An Environmental Analysis of Injection
Molding"

@ "Injection Molding Case Study" (Gas Assist)
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http://web.mit.edu/2.810/www/Thiriez_ISEE_2006.pdf
http://web.mit.edu/2.810/www/lecture/maytag.pdf

