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Abstract

In this paper,in situ experiments have been designed using the full-fagtbrmation
technique of Digital Image Correlation (DIC) to cheterize non-uniform shrinkage in
thermoplastic polymers commonly used in traditioaatl emerging molding processes.
These experiments are capable of characterizinglifferences in strains that develop
due to thermal gradients and stiction as the potyshénks from the molten to the solid
state during molding processes. The experimentalseconsists of simulated open
molds, a heating stage, thermocouples for temperatbeasurements, and a video
imaging system for DIC. From these experimentbag been shown that there is a large
increase in shrinkage strain associated with @asttion of the polymer from the molten
to the solid state in a mold with reduced sideditgi and as it is cooled below the Vicat
softening point. Changing the cooling rate from-c@oled to quasi-steady state can
eliminate the transition at the Vicat softeningmoFurthermore, substantial decreases in
shrinkage strain are observed when the polymereisechin an open mold without mold
release, while using mold release produces resuitdar to that observed with reduced
side rigidity. A simple one-dimensional model rezsoy explains and predicts the
observed trends in the shrinkage behavior due mpeeature differences through the
thickness of the polymer melt when using high catigity molds as well as constraint
in the polymer melt near the mold resulting fromot&in.
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l. Introduction

Characterization of shrinkage is an important aspdceffectively utilizing
different molding processes. Traditional moldinggasses use rigid molds made out of
aluminum or steel. These molds are also thermadhly conducting. Recently a new
class of molding processes has emerged. These spexare called multi-material
molding or multi-stage molding [1-4]. In these mialgl processes, prefabricated (or
premolded) components are loaded into a mold aadndterial is molded on the top of
these pieces. Hence, these components subsequentlgs mold pieces during the
molding process. Often these components are matefopolymers, and hence are
significantly softer compared to steel or aluminumold pieces. In addition, these
components often have lower thermal conductivied stiction. Recent experimental
studies have shown that the shrinkage values adafoentally different as a result of the
presence of these soft and insulating mold pieBgsTherefore, we need to develop a
fundamental understanding of the influence of tleroonductivity, rigidity, and stiction
on the transient interaction of the mold and polynmelt. Developing such a
fundamental understanding will be crucial to utilg these emerging molding processes.

The shrinkage response of molded polymer componduatsrg the molding
process has been found to impact the performanteeafomponent. Residual stress can
develop during the molding process, which introduakefects and/or reduces the
longevity of molded components [6]. Therefore,istimportant to characterize the
shrinkage response of the polymer melt as it d@&liduring the molding process in
order to develop appropriate models for predictshginkage and the residual stresses

associated with a particular component design ahdfgrocessing conditions [7].



Existing computational and experimental researcfortsf have focused on
developing models capable of predicting shrinkage aa function of processing
conditions. These efforts have explored how prEicgsparameters such as injection
pressure, packing pressure, holding pressure, teelperature, and mold temperature
affect shrinkage [6, 8-12]. Different thermoplastnaterials will also exhibit different
shrinkage characteristics. For example, model® leen developed that describe how
different material properties, such as crystali@ihd viscosity, can affect shrinkage [13].
Shrinkage has been found to be highly anisotropid ahrinkage in the thickness
direction is found to be significantly differentath the flow direction [7, 14, 15]. Recent
investigations have explored how the mold deforamaéiffects the shrinkage [15]. It has
been observed that higher injection pressures igaifisantly lower the observed values
of shrinkage. Products with different geometrieghileit different shrinkage
characteristics due to different constraints imgolsg the mold pieces on the shrinking
parts. Investigations have been conducted to exphow certain classes of highly
specialized geometric shapes shrink during thefige molding cycle [11]. Experiments
have also been conducted to determine how moldeli-material interface shapes
influence the fracture resistance of the interfa¢g.

Efforts to characterize shrinkage in traditionalldvagy processes assume rigid
and highly conductive mold pieces. Currently, atdretinderstanding is needed of the
shrinkage behavior of thermoplastic polymers indma in order to utilize emerging
molding concepts, such as multi-stage multi-maltenalding, embedding of electronic
components, and use of advanced polymer compoFit8@s 17-19]. For example,

shrinkage of a polymer around an embedded electrommponent during processing



induces residual stresses that accelerate fatifjde Also, in a multi-stage molding

process, polymers are molded on top of each otltenirey the interaction between the
mold and polymer melts [5]. There are ways to auntine shrinkage response of the
polymer by changing materials, component geomaeiryprocessing conditions [8,9].

However, models must be developed that relate tlpeseessing parameters to the
thermal and thermomechanical residual stress ligions [7, 14, 20].

In order to characterize the shrinkage of thermsigolymers during molding
processes, in-situ experiments have been developele first time using an open-mold
design. The full-field deformation technique of béd) Image Correlation (DIC) is used
to determine the displacement and strain fieldgshensurface of a polymer melt while
cooling in the mold. The shrinkage response of alehdhermoplastic polymer, low
density polyethylene, is studied by simulating éhrdifferent molding conditions
representing high and low levels of stiction betw#ee mold and polymer melt, high and
low levels of mold support for the polymer melt,dahigh and low cooling rates

associated with high and low thermal conductivaythe molds.

Il. Experimental Procedure
lla. Open Mold Configuration for Characterizing $tkage Response of Polymers

To characterize the shrinkage response of therratiplaolymers during molding
processes, an open mold configuration has beergraEbithat permits variation of
molding boundary conditions and thermal processmiditions. It has been designed to
provide direct characterization of the difference strains that arise due to thermal

gradients and stiction of the polymer melt whilelong during a molding process, and



can produce results that would be considered valithe case of very low thermal
conductivity molds with very low molding pressuré&sis configuration (seen iRigure

1) consists of four components: (1) a heating stagermolyne Nuova Il Stir Plate), (2)
an open mold into which either polymer pellets ot-pressed polymers can be inserted
(Pyrex Petri dish or aluminum plate), (3) a thermgde (Omega HH560R digital
thermometer) to obtain the temperature of the spe&eiduring processing, and (4) a
video imaging system that is used to acquire spepititerns on the surface of the
specimen during processing (1.3 megapixel Qimagiaigga 1300 monochrome camera
with a Nikon Micro-Nikkor 105 millimeter lens). Thexperimental setup is similar to a
previously developed configuration for thermomedbtaln characterization during a

welding process [21].

lIb. Full-field Displacement and Strain Analysigng Digital Image Correlation
To analyze the data from the video imaging systéma, full-field deformation

measurement technique of two-dimensional (2D) Bigitnage Correlation (DIC) was
used to calculate the displacement and correspgradiain fields from the surface of the
polymer melt. Before each experiment, black sprapntpvas carefully applied to the top
of the LDPE melt to obtain a random speckle patternrDIC. The pattern has a mean
speckle size of 15 pixéland a density of 1 speckle/50 piXelawhich was found to not
change with time as determined by DIC measurensndrovided reasonable levels of
accuracy for the DIC technique [26]. Proper liggtivas obtained with a fiber optic light
source, and adjusted to obtain a Gaussian histog@oss 256 gray levels during the

experiments.



During each experiment, the polymer was first hetatgp to a maximum
temperature of 22%C as determined by a thermocouple placed on ortheagdge of the
polymer melt, and then thermally stabilized folesist 5 minutes before acquiring 8-bit
gray scale images at a high frequency (30 sec/imagen cooling using VicSnap
software from Correlated Solutions, Inc. (Columi8&). The acquisition frequency was
gradually reduced to 8 min/image as the cooling @creased, as indicated on the
typical experimental thermal profile ikigure 2 Image acquisition is synced with
thermocouple measurements obtained via an RS-Z88.iin most cases the change in
temperature between images was somewhere betw€ean2P 4°C until approximately
70°C was reached where the change in temperatigdetaveen 5°C and 8°C. The 2D
DIC technique determines orthogonal in-plane dsgt@ents (referred to as andv)
between images by tracking the random speckles hmta degree of accuracy though
computer automated pattern recognition. The patteoognition is accomplished by
correlating a subset of pixels of one image (reférto as “undeformed”) with their
corresponding locations on a second image (refetedas “deformed”) that is
reconstructed via cubic B-spline interpolation mder to obtain a sub-pixel displacement
associated with the center of the subset [22].

To analyze images obtained from each of the caBed)IC software known as
VIC-2D version 4.4.2 from Correlated Solutions weed. The in-plane displacements
obtained from the subsets were fitted with polyralmor spline fits to obtain the normal
strain fields, in thex direction (shown ag,), which is referred to as the horizontal strain,
in they direction (shown ag,y), which is referred to as the vertical strain, &nel shear

strain (shown a®,) [23]. An area-of-interest (AOI) with a diameteir I00 pixels was



chosen in the center of the specimen, and 101 poygdre subset sizes were used with a
step size of 5 pixels between subsets to corrtéiateisplacements. Strains were obtained
using polynomial fits to displacements obtainedrfra neighborhood of 15 data points
around a given subset location.

Since the DIC technique that was employed is 2Dinfmrmation about the out-
of-plane displacement associated with shrinkagdiained. However, experiments were
conducted to determine the effect of out-of-plamgpldcements on the 2D in-plane
displacement fields due to the optical configuratd the video imaging system. Using a
translation stage to displace a specimen out-afeplé was possible to characterize the
artificial in-plane strains that develop due toatefsing of the images when the depth of
field is exceededHigure 3. Results obtained at a magnification of approxetyal5.3
pixels/mm indicated that the in-plane strain erfor 0.125 mm of out-of-plane
displacement would be less than 5@€rain, which was within the error range for the
strains measured in this experiment. The correspgridvel of out-of-plane shrinkage is
5% strain for a 2.5 mm thick specimen, which faceeds the shrinkage expected for
standard thermoplastic polymers. Thus, it was detexd that the 2D DIC technique
would be adequate for shrinkage characterizatiatenmolding experiments. However,
if the effect of the out-of-plane displacement ba apparent 2D in-plane displacements
were to exceed this level, the three-dimensiondD) (DIC technique could be

alternatively employed [24,25].



llc. Specimen Preparation

In order to characterize the effects that staiictiémal (i.e., stiction) aspects of
molds will have on the shrinkage of a thermoplagttymer during the molding process,
three cases representing different levels of stictmold thermal conductivity, and mold
side rigidity were studied: (a) high thermal contity molds with low stiction and
substantially reduced side rigidity which simuldéss rigid open mold side boundary
associated with a compliant, low thermal conduttipreviously molded component in a
multi-stage molding process while one side remaihggh thermal conductivity molding
material Case 1}, (b) low thermal conductivity molds with high sidigidity associated
with traditional molding conditions and high stani because of the absence of mold
release Case 2, and (c) low thermal conductivity molds with higlde rigidity and low
stiction because of the presence of mold rele@ssd 3. The specific mold release
agent used is Huron Technologies, Inc. RC 6310 Highformance Silicone Mold
Release and General Purpose Lubricant with 1 miexpo the surface of the mold for
Case 1 and 3 ml applied for Case 3. For all erpanis, a thermoplastic polymer
commonly used for molding processes, Low Densitljyétbylene (LDPE) 722 from
Dow Plastics, was employed. Three specimens weteddor each case.

To characterize the effects of a mold with low sidgdity in Case 1, a 2.5 mm
thick LDPE disc specimen with a 30.6 mm diametes piaced on a 3.2 mm thick piece
of aluminum sheet since unconsolidated polymergemnfigure 439. It was necessary
to hot-press the polymer granules into a disc spegifor the experiment, since it is very
difficult for polymer granules to consolidate agyhmelt without enough side rigidity to

hold them together during the melting process. iffukate variations in the cooling rate



in the molding process for Case 1, the sample Wawed to either air cool, or to cool
guasi-steady state by reducing the temperatur@eospecimen in increments of 10 °C
and holding until the temperature of the specimerfase is uniform, as verified by
infrared thermal measurements. To characterize e@ution of shrinkage during
cooling, images were taken at intervals determimethe cooling rate. For Cases 2 and 3,
20 g of 4 mm LDPE polymer granules were heatechsjgée of a 100 mm diameter Pyrex
Petri dish, which had a flatness of better thani@ons across the diameter, using a hot
plate until fully melted into a 2.5 mm thick layemd then allowed to cool by natural
convection. Pyrex represents a molding materiah vt low coefficient of thermal
expansion, thermal conductivity, and high rigidilysample image of fully melted LDPE

just before the cooling process can be seéfnigare 4h

lll. Experimental Results

Results were obtained from three experimental ¢mmdi: (a) high thermal
conductivity molds with low stiction and reduceddesi rigidity, (b) low thermal
conductivity molds with low stiction and high sidgidity, and (c) low thermal
conductivity molds with high stiction and high sidgidity. The results of each of the
cases are discussed in detail in the followingisest and will be explained using a

simple one-dimensional model in the next section.

Case 1: Mold with high thermal conductivity and uedd side rigidity

Because of the interaction between the polymer amadt the mold, experiments
were initially conducted to decouple these efféaim the strain measurements. These

experiments unconstrained the polymer melt by ptadion a 1/8” thick aluminum plate
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with mold release to simulate a condition of redlsle rigidity for a mold with a high
thermal conductivity and reduced side rigidity. D€3ults for the shrinkage strain, which
were found to be fairly reproducible between thee¢hspecimens tested under these
conditions, can be seenkigure 5a It can be seen that there is a rapid 100% iserea
the magnitude of the shrinkage strain observedrardil5 °C and another rapid 50%
increase in the magnitude of the shrinkage streonrad 70 °C. These temperatures are
very close to the melting point of 105 °C, and Yisaftening point of 90 °C respectively
for the LDPE polymer. However, there is still aga shear strain that may be due to
thermal gradients or stiction resulting from thpidacooling. Thus, it would appear that
the rapid increases are due to crystallizatiornefgolymer at the melting point.

The relaxation of strain that occurs near the Vemtening point, which is the
temperature at which the material can be penettateddepth of 1 mm by a 1 kg load
acting on a pin with a 1 mfircular or square cross-section, is more difficalexplain.

It is possible that thermal gradients result in thieer edges of the specimen shrinking
and hardening more rapidly relative to the centegion where the strain measurements
are being obtained. Thus, the central region magedweloping residual stresses due to
differential shrinkage with the outer edges resgltifrom thermal gradients as the
polymer rapidly cools below the Vicat softening qgoiSince the specimen should have
very little constraint on any surface, the secadfficient of thermal expansion (CTE),
which is the total change in strain divided by die@nge in temperature, should be the
close to the value reported by the manufacturerichvhs 200 ppm/°C at room
temperature. From Figure 5a, it can be seen tleaséecant CTE is approximately 125

ppm/°C at room temperature, which is 75 ppm/°C Wweloe manufacturer reported value
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and is indicative of possible constraints due &l gradients. To directly confirm the
presence of a thermal gradient, thermal measurenvere taken at the center and edge
of a specimen, and indicated the presence of armawi 40°C temperature difference
that rapidly occurs at the onset of cooling andtblewly diminishes as the temperature
of the polymer approaches room temperature.

A second experiment was conducted using very clhedrd0°C cooling steps that
simulated a heated mold producing lower thermatligrds corresponding to a quasi-
steady state cooling condition. The results fas tbxperiment, seen ifkigure 5h
indicate the presence of a small level of sheairstabout 0.25%, while the shrinkage
strains rapidly develop to a magnitude of 1.5%raftely 20 °C of initial cooling as
opposed to the more gradual increase observedyurd-ba. Also, the sharp decrease at
the Vicat softening point observed in Figure 5aa0s present in Figure 5b, indicating that
there might be negligible residual stress accurmgathat would otherwise result in a
softening response. The secant CTE in the horikahtaction also increases to 150
ppm/°C, while in the vertical direction it is clos® the 125 ppm/°C observed from the
experiments conducted using more rapid cooling. difference in temperature between
the edge and center of the specimen at the Vidarsog point is only 3C in this case,
which represents nearly a 7X decrease relativeaadpid cooling case. There is also an
order of magnitude reduction in shear strain re¢ato the rapid cooling case. Thus, it
appears that the constraint observed from the tegnadient experienced during rapid

cooling is alleviated during quasi-steady statdingo
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Case 2: Low Stiction with high side rigidity, Idkermal conductivity, and low CTE

Case 2 involved melting pellets in a Pyrex Petshdiith high side rigidity, low
thermal conductivity, and low CTE and air coolilngstudy how a homogeneous material
shrinks in a mold due to air cooling during protegswhen mold release has been
applied to the mold. Strain data was again obtainath the center of the image. The
average value within the circular region for altleé deformed image strain contour plots
was extracted and combined with the thermocoupi® tdeindicate the thermal evolution
of the shrinkage response kigure 6a Initially, the shrinkage strain develops very
rapidly with cooling in both the horizontal and treal directions to a magnitude of 1.5 %
to 2.0 % after a temperature drop of only°25 The level of shear strain is much less
than the normal strains, and is nearly constantrfach of the cooling period. As the
polymer melt continues to cool, the shrinkage stracreases almost linearly at a rate of
50 ppmfC until a temperature of 110°C is reached. At thisperature there is a sharp
decrease, roughly 35 percent, in magnitude of linelsage strains. This is similar to the
change in shrinkage strain seen in Figure 5a attdhwerature corresponding to the
melting point of the polymer, except it appears ploéymer chains may be relaxing in
response to the side constraint from the mold &s gblymer changes phase and
solidifies, resulting in lower magnitude normalastis and shear deformation. As the
specimen continues to cool, the polymer bonds dyiodtract again, and continue to
cause an overall shrinkage of the specimen. Tia @iutcome of the data for the case of
a homogeneous polymer with low stiction conditish®ws an overall shrinkage on the

order of 3 to 3.5%.
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Changes in the thermomechanical response of a golgan also be understood
through the instantaneous CTE seeRigure 6k which is just the derivative of the strain
in Figure 6a obtained from a central finite-diffiece formula. The instantaneous CTE
does vary substantially from approximately 12005300 ppm/°C, indicating that abrupt
variations in thermal expansion that are 4 timesaerage need to be taken into account
when molding polymer components. For a better wtdading of the general
thermomechanical response of the polymer, the $6C&k at room temperature was
calculated and found to be approximately 165 ppnii°the horizontal direction and 150
ppm/°C in the vertical direction at room temperatufhe secant CTE is consistent
between the vertical and horizontal strain, indigatisotropic response, and compares
favorably with the manufacturer reported CTE of 2@0n/°C. However, the differences
indicate that there is still substantial constramitthe polymer in the mold that is
retarding the overall shrinkage of the polymer gmdducing a thermomechanical
response that is generally the same as Case Iptdked there is a rapid expansion rather
than contraction at the melting point that is nisly due to a measured reversal in the
thermal gradient between the center and edge afgeeimen resulting from the presence

of the sides of the mold.

Case 3: High Stiction with high side rigidity, ldthermal conductivity, and low CTE

To study the effect of higher levels of stiction tre shrinkage response of a
polymer melt, an experiment identical to the lovuctgin case was conducted without
mold release. It is expected that the frictionad adhesive forces contributing to a high
level of stiction that arises due to no mold redeagent being present will constrain the

deformation, resulting in less strain since theunegl forces developed in the polymer
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melt would have to overcome these frictional anlesd/e forces. In a manner similar to
Case 2, a central circular region of the speciman used to extract the average strain
data to analyze with the corresponding temperatata, shown ifrigure 7a The data
in this figure indicate a decrease in strain irhbibie horizontal and vertical directions as
a result of the cooling, as was the case for |deszls of stiction. At first the decrease in
normal strain occurs rapidly, and then slows dowra thearly constant level at 200°C,
where the magnitude of the normal strains is onotiger of 1.5%. The magnitudes of
both curves agree very well up to this point, iatiieg that the normal strains are
symmetric. The point at which there are jumpsathlgraphs corresponds to the point at
which the central region of the polymer melt beginschange phase and solidify,
approximately 110°C according to the thermocoupli@.d This temperature agrees with
the temperature where the phase change began e@ZZak the high stiction case, the
change in strain due to the relaxation of the p@ychains is approximately 25 percent
for the horizontal strain and near 40 percenthervertical strains, but on the average the
change in magnitude is close to what was seen $e Ca

The shear strain fluctuates up and down in a soraevdndom pattern, but the
overall trend is also a decrease as the temperaececases after an initial jump,
followed by a large jump that results in the shs@ain doubling in magnitude and
switching direction, from roughly -0.06 to 0.12%his change is similar to that present
in the low stiction case, and is consistent wita thange from thermal contraction to
expansion in the normal strains.

In a similar manner as was performed for the loetish case, the instantaneous

CTE was calculatedF{gure 78. It was found to vary between 1000 and -700 @m/
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which is slightly less extreme levels of shrinkadlyan observed in the previous case. For
this homogenous LDPE case with high stiction cooads, the secant CTE is calculated
to be 75 ppm/°C in the horizontal direction and@8n/°C in the vertical direction at
room temperature. This is a remarkable differancealue from what was observed in
the previous case; the stiction causes a drop enafbparent instantaneous CTE of
approximately 50 to 75 percent. Furthermore, iuldcappear from Figure 7b that the
variation in CTE was very similar to Case 2, excaiper solidification when the value
does not change further. This has an importantigabn in the design of polymer
components, where there may be a considerable @ambuesidual stress accumulating

from the stiction between the polymer melt andrttedd after solidification.

IV. Modeling of Mold-Polymer Melt Interaction

In order to understand the experimental resulSasfes 1 though 3 in terms of the
mold-polymer interaction, a simple one-dimensionabdel was used based on the
experimental observations. For Case 1 where tlesiesteady-state cooling, it is assumed
that the measured behavior is the actual thermatraction behavior of the polymer. In
order to model Case 1 where there is a measurepetature difference (i.e., thermal
gradient), it is assumed that the polymer can brled into two regions: (a) one close to
the mold which experiences rapid cooling due to high thermal conductivity of the
mold (region 1), and (b) a second being the mgjmitthe polymer that is slowly air-
cooled (region 2). The temperature difference betwilese two regions rapidly grows
initially to the maximum measured temperature défee, and then slowly decreases as

the temperature decreases. In this case, elaséisssequilibrium is assumed to exist
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between the two regions, with the modulus of eaajion increasing rapidly near the
melting point and then more rapidly near the Visaftening point. Thus, the measured
strain in region 2,e, that evolves in Case 1 due to a time-dependenpdeature

difference is modeled as follows:

e = E(MM)* M) * A- d) + E(T,(1)* e,(1)* d
i (- d)* E(T,(1) +d* E(T, (1)

(1)

where E(T) is the modulus of the polymer at temperatufedetermined from
thermomechanical analysis (TMA) as seerFigure 8a, e[T) is the shrinkage strain at
temperaturel, T; and T, are the temperatures in each region at tirseen inFigure 8h
andd is the relative size of the air-cooled region takebe 0.9.

For Cases 2 (low stiction) and 3 (high stictidaguation (1) can also be used to
model the shrinkage response. However, the polymest be assumed to be of uniform
temperature during cooling due to the low thermahductivity of the mold. The
interaction between the mold and polymer is assutodze non-existent as the polymer
initially cools. However, once the polymer solidsi (i.e., reaches the melting point) the
interaction between the polymer and mold increasesthe case of no mold release, it is
assumed that the mold constrains the shrinkagéefpblymer. In the case of mold
release, it is assumed that slippage graduallyldpsdetween the polymer and the mold,
significantly reducing the constraint as the polyiardens. This effect is modeled as an
increase in effective temperature-dependent stffnef the polymer region near the

mold, E¢(T), and a reduction in effective shrinkaggT), as follows:

Ee(T)=(1-HT))*E(T) + H(T)*Em (2a)
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&(T) = gT)*(1- AT))+ &(T)* AT) (2b)

where H(T) is the interaction coefficient which varies witbntperature as shown in
Figure 8¢ while Enis the stiffness of the mold, which was taken t®GBe5Pa, andy(T)

is the thermal expansion of the mold, which is tetebe 3.3 ppmiC times the change in
temperature. The variation 6{T) is chosen to reflect the expected variation ofesdin
due to the mold release, and to provide reasorzatelation with the experimental data.
Thus, the modeling of the constraint effect essdiytireats the layer of polymer melt
adjacent to the mold as a cohesive zone with ruteixtures properties controlled by the
interaction coefficient.

The predicted shrinkage of the polymer using the-dimensional model can be
seen inFigure 9 Comparing the predictions with the measured tesnlFigures 5, 6a,
and 7a, it can be seen that the model reasonaplyrea the observed trends of slow
initial shrinkage with rapid increases near thetmelpoint and Vicat softening point for
Case 1 where there is rapid cooling and therefoselstantial temperature difference.
For Case 2, the rapid decrease at the melting @oidt subsequent recovery due to
slippage can also be captured, while the constimai@ase 3 causes greater decrease and
no recovery. In all cases, the levels at which @helsanges occur are also reasonably
captured. Thus, it appears that the experimensailtseecan be reasonably explained and

predicted using the simple one-dimensional model.

V. Conclusions
New in situ open mold experiments have been designed for itee time to

measure deformations associated with the shrinkafgehermoplastic polymers in
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traditional and emerging molding processes. The exgveriments consist of the full-field
deformation technique of Digital Image CorrelatiqplC) to characterize the
displacement and corresponding strain fields tkiatve as the polymer shrinks from the
molten to the solid state during molding processasulated open molds, a heating
stage, and thermocouples for temperature measutemen

From these experiments, it has been shown thae thex large variations in
shrinkage strain associated with the transitiothefpolymer from the molten to the solid
state resulting in instantaneous CTEs of 1200 @0 -ppm/°C. Rapidly cooling the
polymer resulted in another substantial increasmstantaneous CTE corresponding to
1000 ppm/°C near the Vicat softening point. A se€hE is measured in the polymer of
150 to 165 ppm/°C, which is similar to that repdrigy the manufacturer. However,
increasing the rigidity of the mold and stictiorbstantially reduced the shrinkage strain
and corresponding secant CTE to the range of 3&5oppm/°C. A simple one-
dimensional model of the mold-polymer melt intei@ct reasonably explained the
observed trends in the shrinkage behavior by ating them to temperature differences
through the thickness of the polymer melt when gisiigh conductivity molds as well as

constraint in the polymer melt near the mold resglfrom stiction
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Figure 1. New open-mold experimental configuration desigreediaracterize thie
situ shrinkage response of thermoplastic polymers durinlding processes.
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Figure 2. Typical thermal profile associated with i@nsitu molding experiment using
LDPE and air cooling in a Pyrex Petri dish, alonghvwhe times as which images were

captured.
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Figure 4.1mage of LDPE fully melted in (a) an aluminum malad (b) a Pyrex Petri
dish. Black spray paint has been applied to crémtespeckle pattern.
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(@)

(b)

Figure 5. Plot of the thermal evolution of shrinkage strain (&) a hot-pressed disc of
LDPE melted and then air cooled on an aluminumephath mold release, and (b) a hot-
pressed disc of LDPE melted and then cooling ugdesi-steady state conditions by
uniformly reducing the temperature of the specinmeb0 °C increments on an aluminum

plate with mold releaseCase ).
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Figure 6. Plot of the thermal evolution of (a) shrinkage istia central region of the

specimen formed by melting LDPE and then air capthrem in a Pyrex Petri dish with
mold release, and (b) the instantaneous thermalnskpn obtained from (alCése 2
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Figure 7. Plot of the thermal evolution of (a) shrinkagest in central region of the

specimen for LDPE granules melted and then airezbnl a Pyrex Petri dish without

mold release, and (b) the instantaneous coeffiaktitermal expansion obtained from
(@) Case 3.
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Figure 8. Parameters used in the simple one-dimensionakhwdcghrinkage in
Equations (1) and (2): (a) temperature-dependenny@ modulus of polymer melt, (b)
transient thermal profiled;(t) andT,(t), at the top and bottom of the polymer melt
during rapid cooling, and (c) the stress transbéafficient for the case of mold release
and no mold release.
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Figure 9. Predicted shrinkage behavior using a one-dimeasimodel for the
interaction of the polymer and mold based on tkady-state cooling behavior of the
polymer (Case 1) that accounts for temperaturemffce in the polymer due to the high

thermal conductivity of the mold (Case 1), the @hation of stiction between the
polymer and a low thermal conductivity mold usingldirelease (Case 2), and the effect
of the stiction between the polymer and low theromadductivity mold (Case 3).
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