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Abstract
Finite element analysis (FEA) simulations of thertt&forming process will accurately predict the final
material thickness distribution in a product, if the gsialis properly set-up. However, the real purpose
of simulations is to assist in the design of the pr@e@sl product. Simulations can be used to
determine the best type of thermoforming process gpven product, develop the optimum geometry
of a plug assist, and determine the resulting materiaibdison to be used in a structural analysis of a
product. This white paper will explain the use of sommHying assumptions for thermoforming
simulations to allow an efficient design of optimum plugisisgeometry.

Thermoforming
Using Vacuum or Pressure (Not Plug Assisted)
With just a few exceptions, thermoformable polymeirshaive very similar material behavior during
forming. Nearly all of the thermoformable polymend stretch and thin in a very similar manner. As a
result, different polymers will produce nearly identicalterial distributions, if the thermoforming
process uses only vacuum and or pressure. This also aghanthe polymer is uniformly heated and
stays within its forming temperature window until it tacts and is cooled by the mold surface.

One of the first reports of similar material behawdaring thermoforming was in a 1989 ANTEC paper
(1), where three different polymers with different faxgrtemperature windows produced nearly
identical material distributions in the same mold. of&, one of the leading experts in thermoforming,
concluded in his 2000 ANTEC paper (2) that “elaborate viastielmodeling of polymers for FEA is
probably unwarranted, since thermoforming is for thetpart, a geometry-driven process, not a
material property-driven process”.

A thermoforming analysis process called Geometric ysmhas been used to predict thickness
distributions in thermoformed parts, for many yearsoldMyjeometry was broken into simple geometric
shapes such as wedges or cones from which the méterkaless distribution was calculated, without
specific knowledge of the material properties. Geométmalysis would not have been effective in
predicting the material thickness distribution if everfyper behaved differently.

The reason that thermoforming can be considered a ggedieen process is because most polymers
that are thermoformed follow a hyperelastic matenatlel during forming. Hyperelastic materials are
rubber-like, retaining their initial volume throughout fbeming process until they are cooled below the
forming temperature window. Due to the inherent hypstielanaterial behavior, final material
distribution in a thermoformed product, that uses onlyivator pressure for forming, is not
significantly changed by the other process conditidnbkgisheet is uniformly heated within the forming
temperature window. The only exception may be the atrmfisheet sag when forming a large part.



While it is not incorrect to attempt to develop a emslastic material model for a polymer at forming
temperature, it is usually not necessary. For thepfeiymers that do not follow the hyperelastic
material model, a visco-elastic material model wouleldi® be developed for simulations through
testing.

FEA Simulations of Thermoforming

Using Vacuum or Pressure (Not Plug Assisted)
Similar material behavior for different polymers durfogming allows a wide range of hyperelastic
material property models to be used as input to a FEAaimnlof the thermoforming process. A
range of hyperelastic material models will produce resutts about the same final material
distribution. Thus, there is no need to develop thetestaess-strain curves at the forming temperature
for every polymer prior to running a simulation. Howeveone needs to know the vacuum or
pressure levels required to form a part, which is almeger the case, the exact stress-strain curve at
the forming temperature would be required as input.

The degree of difficulty in simulation of the thermofamghprocess without a plug assist is much lower
than when including the plug assist. As a result, sinaaif vacuum or pressure forming without a
plug assist can be conducted using a number of commeroidihear FEA programs. The field of
reliable and efficient FEA programs decreases signtficarnen a plug assist is added to the process.
FEA programs that handle contact issues well will lsentibst efficient at solving thermoforming
problems with complex shapes and plug assists. Themear-FEA program, Abaqus Explicit, was
used in the plug assist design example described in this pdter.

Thermoforming

With a Plug Assist
A plug assist is used to pre-stretch the sheet prior hinguon vacuum or pressure during forming.
Adding a plug assist to the thermoforming process is wiherdifficulty in both understanding the
process and conducting a FEA simulation of the processsseebegin. When a process is not well
understood it is referred to as an art and this is ¢ftercase with plug assist thermoforming. The
thermoforming process must be understood before it camipdated with FEA. Also, the
thermoforming process must be simulated properly, betfaamnibe optimized.

Unlike thermoforming with vacuum or pressure only, usipiug assist causes many of the other
thermoforming process variables to play a large rotherfinal part material distribution. Most
thermoformable polymers, as they are stretched bpltigg still follow a hyperelastic material model.
Since the process variables had little effect orfitiad part material distribution when thermoforming
without a plug assist, then the primary effect of theegss variables must be on the surface interaction
between the sheet and plug.

The thermoforming process variables that affect tbelyet material distribution when using a plug
assist can be separated into three groups as follows:

1. Variablesthat affect the time of separation of the sheet from the plug
Factors that affect when the sheet separates fremlaly, such as when the vacuum and or
pressure are applied, are timing variables. Contrdiefénting of the mold can also affect when



the sheet separates from the plug. Slowing the ventitigeanold cavity during the plug assist
stage, creating backpressure on the sheet, is a vecyhedfforming option, but will not be
considered in this discussion. In this discussionasgimed that the mold cavity is fully and
properly vented.Timing of the vacuum and pressure resulting in separatitmeatheet from the
plug prior to the plug reaching its full design penetration dsiptply changes the effective plug
penetration depth.

2. Variablesthat affect the contact interface between the sheet and plug

The temperature of the sheet and plug as well as thetygieet and plug materials all affect the
plug/sheet interface propertieshe effect of the non-timing process variables casumemarized
in one factor, the coefficient-of-friction (COF)thesen the plug and sheet.

One of the most important factors, and perhaps orfeeahbst over-looked, affecting plug/sheet
COF is the temperature of the plug. In many thermofagmrocesses the plug temperature is
not controlled. Previous research work has showsigm#icant effect of plug temperature on
plug/sheet COF (3). Plug temperature variation may bent® significant causes of variability
in the final material distribution of a plug assistedth&formed part.

3. Plug Geometry

The plug geometry will significantly impact the final raal distribution in the part. Plug
geometry variables including penetration depth, distaneces plug and mold, and radius
between the sidewall and bottom of the plug will chahgenaterial distribution in the part. The
radius between sidewall and bottom of the plug is actaallymbination of the penetration depth
and distance between plug and mold variablés: plug geometry can be optimized to produce
as uniform a material distribution as possible or tovenmaterial to the best location in the part
for performance considerations.

Simulations of Thermoforming
With a Plug Assist

Accurate FEA simulations of thermoforming with a plugsisgquire knowledge of the plug/sheet
COF. Some have attempted to simulate all of the psammditions, including heat transfer, and thus
predict the plug/sheet COF. While it is not incorrecattempt to simulate everything in the process, it
is much simpler and probably more accurate to run a tiferming trial with a known plug assist
geometry (using the same plug material that will be us#tkiprocess), to determine the plug/sheet
COF value. Trial samples of the thermoformed produatldime obtained after the process has
stabilized (both plug and sheet temperatures must be)stalle material distribution in the product
can then be compared with results from a series of $tAlations, which have used a range of
plug/sheet COF values, to determine the correct COF.value

A quandary that one encounters in simulating thermofayisitnow to properly handle the viscoelastic
properties of the polymer between the plug assist and védpressure stages of forming. An effective
and time saving assumption is to use hyperelastic propertite the material is being stretched, but
assume that the stresses in the polymer are complelehed at the end of the plug assist stage.
Hyperelastic material properties are again used in tteuva/pressure stage. This assumption allows
the transition in the simulation from the plug asdiss to the vacuum or pressure stage without
developing a viscoelastic model for each material.



Plug Assist Geometry Optimization Using Simulations
The plug geometry optimization process starts with simugtof existing plug assist geometry at three
different plug/sheet COF values. The simulation resultg&compared with experimental data to
determine the COF to use for the optimization phase.

Figure 1 shows a drawing of the product, the existing plugtassil the geometry of the plug relative
to the cavity at the maximum penetration depth.

Figure 2 shows the quarter-symmetry FEA model at vari@ages of the simulation process. An
interesting and important observation should be madeeatrd of the plug assist stage. The thinnest
part of the sheet is the area just above contactthatiplug. Since this area is thinnest, hyperelastic
material behavior will dictate that the area wilVbéahe least resistance to further stretching when th
vacuum or pressure loading is applied. This means thargenshould be designed to be as close as
possible to the mold surface at the end of the plug asae. If the thin area is too far from the mold
surface, it will dominate the remainder of the formamgcess, producing a very thin area in the sidewall
and a thick bottom.

Figure 3 shows the results of the thermoforming simulaticsing various plug/sheet COF values
compared with the experimental data. The horizonialisxthe distance along the profile of the

product starting at the top rim and continuing to the cesftehe cup bottom. While not an exact
match, the best correlation between the experimdatal and simulations was with a COF of 1.5.

The plug assist optimization proceeds with a plug/sheet @QF5. For this product, there are three
primary geometry variables as shown in Figure 4: depfugf penetration, minimum distance between
plug and mold at maximum plug penetration, and the radius piugeat the bottom corner. The plug
geometry optimization process will be conducted by chagngie geometry variable while holding the
other variables constant. Usually, the optimum plug gégman be determined with twelve to fifteen
simulations.

The first geometry variable to assess is the disthatteeen the plug and mold at maximum plug
penetration. Figure 5 shows the results of three diffgrleig-to-mold distances with the other

variables held constant. The black areas on theuaoplots show the area of the product that is below
a thickness of 0.2 mm. It can be seen that the minigistance (3 mm) from plug to mold produces
the best material property distribution, which is altva#ays the case. This is due to the previous
observation about the minimum sheet thickness atrtth@tthe plug assist stage and the need to get
that thin area of the sheet to the mold as quickly asilple.

Figure 6 shows the results of simulations with variousheept plug penetration and plug end radius.
The plug to mold distance was held at 3 mm. The bestialatistribution would be the one with the
least amount of black area, or thickness less than ®.2 lincan be observed that the optimum plug
geometry would have a penetration depth of 55 mm, a plug dinu 1af 18 mm with a minimum plug
to mold distance of 3 mm.

Figure 7 compares contour plots from the existing plug ags@netry and the optimum geometry.
The minimum thickness increased from 0.124 mm to 0.216 mthe .124 mm thickness was



satisfactory for product performance then the sheeitribss could be reduced by 40% using the
optimum plug assist geometry and still maintain the 0.124 mukrtess.

Conclusions
Simplifying assumptions can be made to improve the spekdfaciency of FEA simulations of
thermoforming without sacrificing accuracy. Using a mgfaestic material model, assuming the stresses
in the sheet relax between the plug assist and vacuusuvpeestages, and running a trial to determine
the plug/sheet COF greatly simplify the simulations. e ifhproved speed allows simulations to be used
as a design tool for thermoforming. Significant malesaving can be achieved through an optimal plug
geometry design.
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Figure 1: Drawing of the product, the existing plug assist and geometry of the plug relative to
the cavity at the maximum penetration depth (units = mm)
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Figure 2: Quarter-symmetry FEA modé at various stages of the smulation process
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Figure 3: Results of thermoforming simulations using various plug/sheet COF values
compared with experimental data
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Figure4: Threeprimary plug geometry variables
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Figure 5: Results of three different plug to mold distances with the other variables held
constant
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Figure6: Resultsof simulationswith various depths of plug penetration and plug end radius
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Figure 7: Contour plotsfrom the existing plug assist geometry and the optimum geometry
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