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Preface

This book is designed to help today’s plastic molding technician deal with pro-
cessing issues found day to day in the injection molding environment. It not only
describes the functions of the molding machine, but also the auxiliary equipment
associated with the process to produce quality parts. The chapters in this book will
help the user to have a more thorough and hands-on understanding of the molding
machine and the material.

It explains the process from the plastics point of view, and how the material is
heated, flowed, packed, and cooled to produce the desired quality parts.

This processing guide not only shows users how to find a solution to the problem
but also lets them understand why they are making the change, and what effect it
has on the plastic. It details solutions from a hot runner/cold runner standpoint.

Each material has a different characteristic and will present problems in different
ways, but through learning to read the part and analyzing the machine, the neces-
sary insight will be provided to remedy most issues seen in everyday molding.

The most important thing to remember when processing or making adjustments to
any machine is to make just one adjustment, review the effects on the part, and if
that change has no effect, return to the previous set point, before implementing
another change. By making a lot of changes in the hope of solving the molding
issue, it becomes unclear which change had the effect on the part. Look at the
parts, watch the molding machine, and observe what each change is doing to the
process and machine.

There is a new chapter in this second edition, Chapter 13, covering the effects of
making specific changes to the process. This reviews the downstream effects of a
process change and how it can and will affect the process overall. These changes
can have a huge impact on part quality. This chapter was written to inform the
engineer/technician of the potential side effects to the change being made.

The first edition was well received and has provided insight to many in establish-
ing scientific molding processes. The new insights of this second edition will allow
the user to be more informed as to the cause and effects of a process change.
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Never neglect the details:

= Walk around the machine and make sure the water is on to all lines going to the
mold, or have any water lines been left off? Is the machine functioning properly
(pressures, times, heating, with no unusual noises)?

® Make sure the mold is functioning as intended and able to produce the quality
parts desired.

= Observe the material: make sure it is free of contaminants (dirt, foreign resin, or
water) and is dried properly.

® Then review the process and make sure there are no shortcomings (process is
not pressure limited, transfer position is being achieved, not timing out and cycle
time achieved).

There are no magic solutions for eliminating all molding issues, but a solid under-
standing of these scientific molding principles will help eliminate the unnecessary
waste and scrap generated from not knowing.

There are three major components to the injection molding process: the injection
unit, the clamping unit, and the mold.

In the next chapters, we will discuss the different functions of each major com-
ponent and how they affect the process and conditions of the material.

I would like to acknowledge and thank the following companies and people:

® RJG Inc. Traverse City, MI, especially Gary Chastain, Pat Mosley, and Shane
Vandekerkhof.

= AIM Institute, Erie, PA, especially John Beaumont and Dave Hoffman.

® Technimark LLC, Asheboro, NC, especially Brad Wellington and Bruce Winslow.
= Milacron LLC, Batavia, OH, especially Kent Royer.

® [ would also like to thank Gary Mitchell.

Gary Schiller



About the Author

® 43 years in the plastics industry
= President/owner of Gary F Schiller Consulting & Training LLC

® Certified Master Molder I, II, & Train the Trainer; past RJG instructor with over
33 years of scientific molding experience

= AIM Institute graduate and alumnus - Plastics Technology and Engineering

® Past AIM Institute Advisory Board

= Low Constant Pressure Molding (IMFLUX) Senior Applications and R&D Engineer
® Practical Rheology in Injection Molding - Penn State, Erie, PA

= Design of Experiments & Quality Engineering Methods - University of Colorado
® TOM - Front Range Community College, Denver, Colorado

® Certified Mechanical Inspector ASQ

® Certified Quality Technician ASQ

® Processing expert with a wide array of plastics

Core Competencies

® Stack molding

® Cube technology molding

= Two shot molding

® Insert molding

® High cavitation molding

® Engineering and commodity resins






Contents

Preface ....... .. \"
About the Author ...... ... ... ... . . Vil
1 Injection Unit: Screw .......... ... .. ... ... ... 1
1.1  Preparesthe Melt ......... ... 1
1.2 Flowsthe Melt ..... ... . . 2
1.3 Pressurizesthe Melt ........ .. ... ... 3
1.4 Sectionsofthe Screw ....... .. .. i 3

1.4.1 FeedZone ....... ..ot 3

1.4.2  Transition or Compression Zone ...............c.ooveun... 4

1.4.3 Metering ZOne .. .......oouniiunne i 4
1.5 L/DorLength/Diameter ............. ..o, 4
1.6 Compression Ratio ......... ..., 4
1.7 Profile ... 6
1.8 Injection Pressure ............c..ooouiiiiiiniiiniinineen. 6
1.9 Injection High Limit Fill Time .......... ... ... ... ... . 0., 7
1.10 Injection Pack Pressure/Time ........... ... ... oo, 7
1.11 Injection Hold Pressure/Time . ............cooiiiiinenaon.. 7
1.12 Non-return Valve Function ......... ... ... ... ... o i, 8
1.13 Different Styles of Non-return Valves ................ ... ... .... 9
1.14 Decompression/Pull Back/Suck Back ............... ... ... ... 10
1.15 Screw Rotate Delay . ... 10
1.16 Mixing Head on a Reciprocating Screw .......................... 11

1.17

Barrier SCTeWS ..ot e 11




X Contents

2 Injection Unit: Barrel ............... . ... .. ... ... ........ 13
2.1 Barrel . ... 13
2.2 Thermocouples . ... ....ouuiniin ittt 14
2.3 Heater Bands ............iiiuiiinii i 17
24 Spacingof Heater Bands ...............coiiiiiiiiinnnnn... 19
2.5 Wattage ottt 19
2.6 Worn Barrel ....... ... ... 20
2.7 Feed Throat ........ ..ot e 21
2.8 VentingoftheBarrel ............ .. ... i 21
2.9 HOPDET . ettt e 22
2.10 Hopper Dryer Diagram ................cciuiiriiinnnnnnnnn.. 24
2.11 Filter Packs/Dispersion Disks/Screen Packs ..................... 25
3 Clamping Unit ........ ... ... ... . 27
3.1 Hydraulic ............ i e 27
3.2 T0gEle o e 28
3.3 Weakness ...t 28
34  Tie-Bar-Less ... 28
3.5 Single Point . ... 29
3.6 Platen Wrap . ..ottt 30
3.7 Mold COVerage AT€a . ....oov ittt it et et et et et e 31
3.8 Cleanlinessof the Platens .......... ... .. ... 31
3.9 Careof BoltHoles ...... ... i i 32
3.10 Proper Bolt Location ............ .. ... it 33
3.11 Weight of Mold Calculations ..............ccoiiiiiiiin.. 34
3.12 Mold Height ... .. o 35
3.13 Calculating Clamp Tonnage foraPress ............. ... ... ... .... 35
4 Ejectors/Controllers, Human Machine Interface (HMI) ... ... 37
4.1  Ejector Pattern and Spacing ........... ..., 37
4.2  Ejector Spacing . .........oiii i e 37
4.3 Controllers ... ...ttt e 40

431 Open Loop ..ot e 40

4.3.2 Closed LoOp . .vvivii i e 40

4.4 KeyPads ....coiniii e 41



Contents Xl

5 Machine Performance Testing ............................. 43
5.1  Rear Barrel Zone Optimization ................. ... ... iiin... 43
5.2 Load Sensitivity .........coouiiiiiii i 44

5.2.1 Purge Disk ... i 45
5.3  Pressure ResponsSe . .........coiiiiiinn it 46
5.4  Dynamic Non-return Valve Test (FILL) ............. ... ... ... .... 48
5.5  Static Non-return Valve Test (PACK/HOLD) ......... ... ... ..... 49
5.6  Injection Speed Linearity .............. ..o, 50
6 Process DevelopmentTest ................................. 53
6.1  Tonnage Calculation/Projected Area ...............cccuvueenn... 53
6.2  On Machine Rheology Curve (Viscosity Curve) or Fill Time Study ... 56
6.3  Construction of Viscosity Curve Graph .......................... 57
6.4  Least Pressure Curve .............uuiiiiiiniiiiiniiinnaan. 60
6.5 Plastic Flow Rate (Qp) . ..vovvrnii e 60
6.6  Shear Rates .. ......oiiiiiiii i 60
6.7  Gate Freeze, Gate Seal, or Gate Stabilization ..................... 64
6.8  Runner Weight Study ......... ... .o 67
6.9 Range Finding for Gate Seal .......... ... ... ... .. it 68
6.10 Manifold Imbalance and Balance of Fill Analysis .................. 68
6.11 Cooling Optimization Study .......... ... ... oot 70
6.12 Pressure Loss Study . ......couuii i 71
7 Plastic Temperature ............. ... ... . it 73
7.1 Molecular Structure of Common Materials ....................... 73
7.2 MOTphology . ..ot 74

7.2.1 Amorphous Resin Morphology ........................... 74

7.2.2  Semi-Crystalline Resin Morphology ...................... 74
7.3 Glass Transition Temperature (Tg) .. ....... ... .. 75
7.4  Melt Transition Temperature (Tm) ......... ... ... ... 75
7.5  Shrinkage . ..........iiiiii 76

7.5.1 Isotropic Shrinkage ............cviiiiiiiinin.. 76

7.5.2 Anisotropic Shrinkage ............. ..., 77
7.6 Melt Density versus Solid Density .............. ..o, 78
7.7  Advantages/Disadvantages of Hot Runner versus Cold Runner ...... 79

7.8  Induced Shear through a Hot or Cold Runner System .............. 80



Xl

Contents

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13

9

9.1
9.2
9.3
9.4
9.5
9.6

10

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9

Plastic Flow .............. ... . i, 81
Fountain Flow . ... .o 81
Flow of Plastic . . ... ..o e 82
How to Calculate Flow Rate (Qp) . ..., 82
Calculating Volume of Shot Size ............ .. ... ... ... iiia.. 83
Blocking a Cavity ..ot i 84
Flow througha Mold ......... ... .. . . .. 85
Orientation . ..........oiiniiint i e 85
Transfer/Cut-Off Position ............ ... ... .. .. ... 86
Viscosity Changes .........couiiiiienin it 86
Intensifying Ratio (Ri) ........ ... oo 87
Pressure Limited Process ........... .. ..., 88
Safe Start-Up Shot Size ........ ... i, 89
Runner Sizing . ... o 91
Plastic Pressure (Pack/Hold) .............................. 93
Plastic Pressure .. ......... . i 93
Dynamic versus Static ...t e 93
Viscosity Changes ...ttt e e 93
End of Cavity Pressure Loss . ........ ..ot ininnennn.. 94
Part Shrinkage versus Cavity Pressure .......................... 94
Maximum Average Pressure at Parting Line before Flashing ........ 95
Cooling ... 99
Plastic CoOling . .....cooiii i e 99
Turbulent versus Laminar Flow ....... ... ... ... ... ... ..... 99
Reynolds Number . ... it i 101
Water Lines . ... ..o 102
Areaof Water Line ......... ... i 103
Series/Parallel ........... ... i 103
Cooling Rate ........oiii i i e 105
Ineffective Cooling . ...... ...ttt 106
Cooling Time . ..ot e e e 106

10.10 Depth, Diameter,and Pitch ........... ... ... .. .. ... ... ... ..... 106



Contents X

10.11 Baffles/Bubblers .. ... i 108
10.12 How a Thermolator/Mold Heater Works ......................... 108
11 Benchmarking the Injection Molding Process .............. 111
12 Process Troubleshooting .................................. 115
12,1 BlaCK SPeCKS . oo vt e 115
12,2 Blush ..o 117
12.3  Brittleness . . ..ottt 118
124 BUIDS . oot e e 119
12,5 Burnsin Gates . ........veriie 121
12.6 Cloudy Parts . ... e e 121
12.7 Color Streaks . ......ooiiii 122
12.8 Deformation: Ejector Pin Marks ................ ... .. ... ..... 123
12.9 Degraded Polymer ......... ...t 124
12,10 DeSIgN oottt 124
1211 Fish HOOKS o oot e e e 125
1212 Flash .o 126
1213 FIOW LINES .« o o oottt e e e e e e e e 128
12.14 Hot Tip Drool . ... e et 129
1205 Jetting oo oot 130
12,16 Long Gates .. .oiiiit it et 131
1217 Nozzle DTool . ..o 133
12.18 Parts Stickingin Mold .......... ... .. i 133
12,10 PUllS .« .ot 134
12.20 Shorts/Non-Fills . .......... o i i 134
12,21 SINKS .« ot 135
12.22 SPIAY .« oot 137
12.23 Sprue SticKing . ...t e e 138
12.24 Surface Imperfections ............coo .. 139
12.25 VOIAS .ottt 140
12.26 WarPage .. ooiii ittt 141

12.27 Weld LINeS . ... e e e 143



XIvV Contents

13  Effects of Making Specific Changes to the Process ......... 145
13.1 Cooling Time ... ..ot e et 145
13.2 Cut-Off/Transfer Position ............ ... ... ... i .. 146
13.3  Screw Speed . ...t e 147
134 Back Pressure ..........ooouii i 148
13.5 Injection VeloCity ........ ..ottt 149
13.6 Injection Pressure ..............oiniinenieieinnenennnnn. 150
13.7 Melt Temperature . ........ouuiie ittt it it 151
13.8 Decompression/Suck Back .............. ... ... .. L. 151
13.9 Hot Tip Temperature .............couiniiiinnineinennennennnn. 152
13.10 Manifold Temperature .............ccouniunininnennnnnnnn. 153
13.11 Pack PreSsure . . .....oouvon e e 154
1312 Pack TImMe .. oot e e 155
13.13 Hold Pressure .. ....ovouee e e i 155
1314 Hold TIme .. oottt e e e e e e 156
13.15 Feed Throat Temperature .............c.couiiueineinennennennnn. 157
14 What is Important on a Set-Up Sheet? ................... ... 159
15 Commonly Used Conversion Factors and Formulas ......... 163
15.1 Conversion Factors . ...ttt 163
15.2 Common Formulas for Injection Molding ........................ 164
16 MachineSet-Up ......... ... . i, 167
17 Things That Hurt the Bottom Line of aCompany ............ 171
18 Terms and Definitions ................... ... ... ... ... ... 173
19  Reference List for Further Courses and Reading ............ 187
19.1 COUTSES v ve ettt e e e e e e e e e e e 187
19.2 Reading . ...o.vii i 187



Injection Unit: Screw

In this chapter we will discuss the components and functions of the injection unit,
and how each play a role in the preparation of the plastic.

Figure 1.1 Injection unit

B 1.1 Prepares the Melt

There is mechanical heating, caused by the friction or shear inside the barrel, from
the plastic pellets being rubbed against the barrel wall and compressed inside the
flights of the screw.

There is electrical heating, from the heater bands on the barrel. They are used from
a cold start to heat up the barrel and plastic. After a proper amount of soak time
(30 minutes), start to rotate the screw. The barrel heater bands are to maintain the
temperature in the barrel so the plastic does not hit any cold spots.

Once the barrel is up to heat, start to extrude plastic through the barrel. About 80%
of the heat comes from the shearing process and 20% from the electrical portion.
In Figure 1.2 you can see the shaded sections representing the different sections of
the screw.
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Metering Transition Feed

Figure 1.2 Reciprocating screw

In Figure 1.3 it is shown how the plastic in each section has a circular motion in-
side the flight. There is a melt pool on the back side so that as the screw rotates the
melt pool pushes the unmelted pellets forward and up against the barrel wall. As
the unmelted pellets rub against the barrel wall it creates friction, and that friction
causes the pellet to melt and go into the melt pool.

Metering Transition Feed

Figure 1.3 Melting of the plastic in different sections of the screw. Courtesy of AIM Institute

B 1.2 Flows the Melt

There is a hydraulic unit and valves that provide the oil flow and pressure needed
to inject the plastic.

The injection velocity set point will give and maintain the speed of the ram coming
forward and it must have ample pressure and flow to push the plastic. To ensure
the injection high limit pressure set point is never reached (pressure limited) the
valve is either restricted or opened depending on the feedback it receives from the
linear transducer on what velocity or injection speed is desired. Also understand
the influence the injection velocity has on the rheological properties of the mate-
rial: plastics typically show non-Newtonian behavior, which means the faster the
material is shot or the faster the flow rate of the plastic, the thinner the material
becomes and the easier it will flow.
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B 1.3 Pressurizes the Melt

The non-return valve (check ring) is what pressurizes the melt. It creates a seal on
the inside of the barrel through the use of a sliding check ring, ball-check screw
tip, and/or poppet check ring. There are also plunger-style screws that inject the
plastic into the molds: there are no moving parts to this design.

And as the plastic is pushed forward the non-return valve seals off, not allowing
any plastic to return behind it. If it does there is either a worn non-return valve or
possible wear in the barrel. This will be discussed later in the book.

B 1.4 Sections of the Screw

There are many different screw styles available today, with a multitude of mate-
rials available. The reciprocating screw provides the function of conveying the
material, and compressing and heating it to prepare it for the next shot.

e §
J—
Metering Transition Feed
Figure 1.4 Sections of the screw
Metering zone Transition or
Compression zone Feed zone

Figure 1.5 Root diameter changes in each sections of the screw

1.4.1 Feed Zone

The feed zone is used to convey the material from the feed throat and start the
compaction process in the barrel. This section starts to compress the pellets within
the flight and starts the friction process as the material rubs along the barrel wall
as the screw rotates. Screws can have long or short feed sections depending on the
material being run. Longer feed sections could be for shear sensitive materials or a
material that melts easily with a low melt temperature.
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1.4.2 Transition or Compression Zone

This is where the flight depth starts to get shallower. The material starts to receive
greater compression and the friction or shearing of the material increases,
contributing to the melting of the plastic. This is where most of the work is done on
heating the material (see Figure 1.5).

1.4.3 Metering Zone

This zone has the shallowest flight depth. By the time the material gets to this
point it should be melted, and ready to be conveyed past the non-return valve to
position itself in front of the screw building the next shot.

B 1.5 L/D or Length/Diameter

Length (L) is measured from the front of the screw to the end of the flights. Dia-
meter (D) is measured from the highest point on the flight of the screw to the cor-
responding other side (see Figure 1.6). Keep in mind the value of L/D for the screw
in the press: too short of an /D results on non-melted pellets, while too long of
an L/D and the result is too much residence time, which can burn or degrade the
plastic.

Figure 1.6 Where to measure length and diameter of screw

B 1.6 Compression Ratio

This refers to the depth of the feed section flight (Figure 1.8) divided by the depth
of the metering section flight (Figure 1.7). If there is a 3: 1 compression ratio screw
this means that the depth of the feed section flight is three times the depth of the
metering section flight. The measurement is taken from the root of the screw to the
top of the flight.



