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Module 8
Flowing and Forming Polymers

o Understanding Flow of Plastics
- Melt Flow Rate
. Melt Vlscoslty
- Shear Rate
- Tbmperature Effects
- Thersral Stability

r Thermoplastic Processing

I
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Flowing and Forming

e

'When a soltd lg melted, lt eqn be rcshaped aod
cooled lnto a diffcrent shape.

I

Participantrs Notes:

M-PI.AJ)] I 7-STIGMOD B-l?,/894{L2 6 Ccneral Elcctric Compay 1989

w



Introduction

An understanding of
flowbehavior is essenfi
to good processing.

In order to reshape a

solid, it should be melted
and reformed.

F\ou,it g ard foruing Potymerc
, Throughout Sharing the Knowledge, we've differentiated polymers

according to their property and processing characteristics. Property

performance is reported for a material in its solid state, as that is how

it's likely to be used in application. But as we've seen, materials also

respond differently to processing. Each material has its own flow

behavior and therefore its own specific processing characteristics. It
is important to understand how a material flows. This module

CImmines the flowing and forming of polyrners and the important

nariables that hinder and improve the process. STK 801

Objectiua:
At the end of this module, participant should be able to:

o Describe why rheology is fundamental to processing.

o Differentiate melt flow rate from melt viscosity.

o Describe how temperature and shear rate affect

viscosity.

" Describe how shear can cause degradation in a
moiyrmer,

t' EieXare iitc; iDt"o:ess1l:{,? 'A.run.Gi'i, .,i, [!].e il":'r,i liltu.'capori.: i::'
- p e 1n6 [17yye *1

.'' Deseibe 'r$/o Dr'fteesses r,vhieh ifunlt thern'ral stabiilrz l.

a poipner.
o Relate five different uses for rheologT.

o Describe how the processor can affect the quality of his

parts thropgh using his knorvledge of rheology.

WIwt Is Elru?
We allknow thatwater, in itsliquid state, is abte toflow. .Similarly, all
liquids are able to flow. Flow means nothing more than the ability to
move as a liquid does. When water is frozen into ice, it does not flow,

but acts as a solid. Flowever, upon heating the ice returns to its liquid
state and is able to flow. In its liquid state, water can easily take on the

form of its container, and with sufficient cooling, it will freeze into
that forrn. The processes of thawing and freezing water are merely

an example of physical transitions in states of matter.
sTK 802
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Thermoplastic Processing

(
Durlng processlng, theraoplastlcs are heetod unHl they
flow. formed lnto a part, and cooled until tlrcy harden.

I

(

Participant's Notes:
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Conversion Processes

Extnrsloa

+
Blor Moldlng

----l
InJectlon Moldtng

++

ln any convcrslon pnrcess, thc polymer melt
is shaped into a flnlshcd part.

8

Participant's Notes:
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Thermoplastic
processing consists of
urelting, flowingr
formingr snd sssling.

Thermoplastic
convension processes

differ bythe methods
used to soften and form
the plastic.

Themtoplastic Pro crrisir,rlg

Fngineering Thermoplastics also go through a pihysical uansition
upon heating, changing from a solid to a fluid. In its melt state, a

therrnoplastic is able to flow, The conversion process involves taking

the thermoplastic into its melt state, forcing it under pressure into a

desired form, then cooling the thermoplastic to obtain a solid usefi.rl

part.: STK 803

furwepwdwe ffiueessre

There are nnany processes of converting plastics into usabl€ parts"

Still, in each conversion method, the plastic must first be softened,

then formed. The abilityofplastics to softenwhen heated., form into
a shape when molded, and solidig into a part when cooled is what

makes them unique. Conversion processesvrry onlyby tJ:e combi-

nation of methods used, to soften the material and to form it into the

finished part.

Once a plastic is melted, pressure can be applied in a variety of ways

- by squeeriog, by pressing, by stamping, by rnjecting, by extruding,
or even by inflating the plastic so it forms to the contours of the mold

or die. The method used to mold the material depends on the

process of conversion. STK804
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Flowing & Forrning

Cr

In tnjecttoa ooldlng, ttrc polymcr oAffiSGEltUrough thc !rcrswr
thc noazlq the spnrs the rrnner+ and isll5ffiIlin the cavlty.

STK 805

Participant's Notes:

@ GE Plestlcs

Flowing and Forming Polymers

o Thermoplastic Processing

8

o Understanding Flow of
Plastics

*;TK 8q}tt

Participant's Notes:
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Processing consists of
addi.g heat to melt the
pellets and applying
pressure to shape the
part.

EJnderstaading rheoEogy

leads to an

,nderstanding of
Processing.

Ftouttttg and Forn ing
To soften a thermoplastic material,'energy must be applied to heat it
and raise'its temperature. Ttris heat energy is usually generated

either electrically or mechanically, or by a combination of the nvo.

The method used to raise the temperature of the material to mal<e it
flow depends on the process of conversion. Once the material is

flowing, pressure can be applied to form it into a Part,, STK 805

F&xAtvFW wsde 
'fi.wwllwag F*rywwr:

First trat's discurss the science of poilnzres' frqlw, ntaeoiogy; ttrren we'Li

discuss how this understanding of flow is usefui in the processing of
high quality parts. STK 806
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The Study of Flow

6

The study of dcformation and flow ls ca[eal@l

Wa16r

STK 807

Participantls Notes:

:Iffit SiX.trb
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Rheology
t Condition' Measurements

o Melt FIow Rate
r Melt Viscosity

Rheology in Froeessing
. Shear Rate Effects
o TEmperature Effects
o TIme Effects

8

Participant's Notes:
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Rheology is the snrdy of
deformation and flow.

Rheology may be either a

'single condition'QC
test or a full processiog

characterization

The Satd1u of I-b-
Polymer rheology is the shrdy of the deformation of a material in its

fluid state" Just as different solids have mrying abilities to resist

d,eformation, so do differentfluids. Waterhas less resistance to flow

than motor oil, which has less resistance than ketchup, which has less

resistance than Silly Putq/M. Rheology is the study of material

deformation and flow- STK807

Rh,eotog
Rheology i.s used in many q^rays. First, we wiil [ook' at a simpie

characterization of potymer flow *rrough tests *lat measure a single

point in the continuum of flow. These 'single condition"'tests are

usefui in Qt'ality Control (Qp) of a polymer's flow.

Later, we will see how to compieteiy characterize a polymer melt

ttrough understanding how the melt changes under conditions of
chartgrog shear, temperarure, and time. These t)?es of rheology

studies are used for predicting a polymer's resPonse to the varying

conditions acttrally seen in conversion equiprnent- By understand-

ing the polymer's complete rheology reqponse' we can predict how it
will act h any conversi,on process. STK 808
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GE Plastics

Viscosity

Low Vtscostty Hlgh Vlscoslty

Measures a matcrials resistancc to flow.
I

STK 809

Participant's Notes:

sffii s"ltu

@

Measuring Viscosity
Any Measure of Viscosity Depends on

Three Variables:
..Bgg9 at [rhich the Melt Is Itfloving

. TEmperature of the Melt
o Geometry Through llrhich tle Melt Passes

GE Plasttcs

Participantrs Notes:
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\Irscosity is the measure

of a materialts resistance

to flow.

?be three variables

which control viscosity

are the temperature of
the melt, the geometry
through which it moves,

and its rate of motion

Viscrlsity
Viscosity is a m easure of a polym er's resistance to fl ow. Materials su ch

as water offer little resistarlce to flow and are said to have a low

viscosity. Materials such as motor oil, which offer more resistance to

flow are said to have higher viscosities. STK 809

MeasttrmgWwsiry
Each polyrner has a measurahle nesistance to flow- T*rlis viscositywili

change as ttre temperature of the material changes. The viscosity also

depends on the rate at which the polymer is moving, and the

geometry through which the potymer is flowing. Rate, temPerature,

and geometr,, are the three important variables to consider when

making a measure of a polymer's viscosity. STK 810
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@ CE PE,stlcs

Single Condition
ODc.natc

(Ooc l.oad)
Onc Ttmp

(Barrct ft-p)
One Gcometry
(Oriflcc Slzc)

+ +

D

Sluglc condlUon maErrs thqt thc tcst mcthod uscs ottc
set of tcst variablcs. I

Participant's Notes:

;$TK" &i:r

@ GE Ph,stlcs

Melt Flow Rate {MFR) Tbst

o MFR Gives an Indlcation of Consistency and
Is Used for $uality Control

o MFR Is Used to Give an Indication of
Viscoslty Change During Processlng

o MFR TEsts for Various Plastlcs May Be Done
Under Different Conditions

I

Participantrs Notes:
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A "single condition'
rheolorytest uses one

temperature, one

geometryr and one rate.

The melt flowrate test is

used to check

coirsistency of flow at a

single condition.

luteo$ringl4scosiry at a "Sittglc Condition"
Ttre most simple measure ofviscositywill be at a single condition of

temperature, geometry, and rate.of motion. This tlpe of imeasure is

easily accomplished in a simple test aPParatus which is commonly

used in many quality control laboratories. The measure reflects only

one point of ttre polymer's total flow behavior. However, when this

single condition of measure gives a reproducibleviscosity, we know

the polymer is the same as whatwas measured earlier. In the QC lab,

this type ofviscositymeasure is usuallyreferred to as the meltflow rate

test. sTK 811

fufe&t fuut Wn{e Tmf.

The rneit flow rate test, alsc referred to as the MFR, is an easyway to

check on the consistency of a polymer material. If incoming QC gets

the same result oh several lots of the same material, itis likely that all

the material will process consistently. When the MFRis measured on

virgin polymerpellets, andagalr on the same material after procesr

ing, a comparison of the'nrvo resulu gives a quick'check on the quality

of the processing

MFR is generally specifred at a set of conditions which are particular

to each material. The temperature rr'ilI be at the low end of the

processing range, and the weightwill be proportional to the viscosiry

of the material at that temperature.' Because of the differences in
material prbcessing' temperatures, different materials may specify

different sets of conditions where t]re MFR test should be run.
sTK8r2
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sTK 813

ASTM D1238
Aacrlcaa Stendard TEst Meagurcment Dt238 Mcasures
Mclt Flos and Reports It Under Ttree Dlfferent Names:

o Melt Flow Rate (MFR)

The preferred term ls Melt Flow Rate (MFR).

GEPbstlcs'@

o Melt Index [MI]
o Melt Flow lndex (MFI)

Participant's Notes:

S?KBiq

Mett Flow Rate = Nu-bcr of Grams Er 10 Mlnutes

the Melt Ftor Rate (MFRI ts dcfhcd as tbc amouot of
materlal extnrdcd ln tcn mlnutcs. rn{91 a spedfic set

of eondltlons (tenperatunc orifice. wcightf

GE Plastics

Melt Flow Rate

@

Ealrud!tc

B

Pl!too

Exttrtrlon ltme
lxlautcrl

Dstnrdttc Iel8bt
(OrrB!l

llilFiltE c
Burtt

Participant's Notes:
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A.STMD-1238 is the
standard test for
measuring melt flow
rate.

The melt flowrate test
defines apolymerts flow
in terms of the number
of grams qtnrded in 10

minutes at standard
conditions.

ASTM D-1238
The American Standard Test Measurements (^&SfM) specffies the

standard conditions for measuring and reporting rnelt fl ow rate. The

same standard is used when measuring Melt'Index (MI)' Melt Flow

Index (MFI), andMeltFlowRate (MFR). Each of these is the same

test, however, ttte prefer:red.nar4e is melt flow rate. STK 8f3

Mef,e Wzs tro;te

The melt fl.ow rate test per ASTM &'1238, specified the sarne three

conditions we discussed earlier: geometry, temperature, and rate.

The temperanrre is the tempemture set at *re barrel of the test

apparanrs. The geomery is that of the orifice at the bottom of the

barrel through which the polymer is squeezed. And the rate of flow
,is determined by the weight whictr is placed on the melt to create the

flow.

The MFR test allows the polymer melt to be extruded through the

orifice during a timed period. This period maybe benueen one and

ten minutes. At the end of the speofied time, the melt strand is cut

off and weighed. The IvIFR is then cdculated as the amount of
polymer melt which would flow from the orifice in ten minutes at the

given condition of flow. STKEI4

O Gcncnl Elccric Coropany 1989 Ir{-PlA-0rrr5flL[tOD &12r8!L{G15



sTK 8r5

@ GE Plastlcs

Melt Viscosity vs. Melt Flow Rate
High Vtscostty Meaos
Low Mclt Flow Rate

Low Vlscoslty Means
Htgh Melt Flow Rate

5 Grems / 1O Mlnutes
ts Hlgh Viscoslty

3O Grams / lO Mtnutes
ls liw Vlsc"ost$r

The lower the vlscoslty - the highcr the MFR.

Participant's Notes:

ST'E( EA6

@ GE Pbsttcs

MV versus MFR

o Easy Flow Polymer

High Melt Flow Rate
Low Melt Viscosity

. Stlff Flow Polymer

Low Melt Flow Rate
Htgh Melt Viscosity

I

M-PIA-O1 17-Srfi-MOD Ll2l8S4S16 O CcnenJ Elecuic Company 1989
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Melt viscosity and melt
flowrate are different
measurements of flow
for polymers.

Melt viscosity and meEc

flowrate are opposite
measurements of
rheologlr.

Mek Yiswsity as. Melt FXou Rnte
Melt viscosity and melt flow rate are both used to describe material

flow behavior. Confusion tends to arise because the nuo measures of
flow are quite different. A rnaterial with a high melt viscosity

(resistance to flow) will give a low melt flow rate measure since very

little material will extnrde in a given time. Conversely, a material with

low melt viscosity wrI show a high melt flow rate- Much of the

confusion in describing a polyrner's flow behavior results from

improper use of the terms meltviscosityand meltflow rate, which are

achrallyopposite descriptions of apolymer's ability to flow.

STK815

frdPers" &fFffi
Ara easy fiow pol1mrerwilI be describe<las one withr a high melt {low

rate but it will be a material with low melt viscosity. Conversely, a stiff

flow polymer will be described by a low melt flow rate but will be a

high meltviscosity material. The truo descriptions of flow are quite

different. srK816
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STKSr7

'Slngle Condition' Measurements
o Melt Flow Rate
o Melt Viscoslty

Rheology ln Processing

GE P/p,stlcs

Rheology

@

8

o Shear Rate Effects
. TEmperature Effects
. Time Effects

Participant's Notes:

@ GE Pbsties

/

Screw

Several May Be Important

I

TEmperatures

RateGeometry

:Sffii Eii;:i

Participantfs Notes:
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An,nder:stanrting of the

effects of shear rate,

temperature, and time

are necessary in order to
understand rheology for

Processing.

A real conversion
process invohes many

conditions of
temp erature, geometry,

and rate.

Bheolag in P,r,ca;sirtg
So far, i t "* only dealtwith the most simple measures of polymer

flow. However, when we are interested in understa4ding how a

polymer melt will acnrally work in a conversion Process, we.realize

that the simple measures of rheology will not be sufEcient' Actual

process equipment uses a range of temperatures and changing

geometries to heat the polymer- As the polymer melts, its rate of flow

depends on the geometry'it.is forced to flow through' The time that

the melt spends at the processing temPerature also has a significant

effect on the quality of the Parts produced' All of these changing

rrariables must be accounted for if we are to fully understand and

make use of the polymer's flow characteristics' STK 817

Rheolng dre tke #wwetsi,oYc &acess

EJsing this grapLric rePresentation of a-rr injeccion rnolding Process'

we can begin to see ttre variety of conditions that the rnelt is exposed

to during its transformation ftom pellets to a finished Part' The most

obvious change ttrat ttre polymer undergoes is 'in temPerature'

Heater bands and mechanical strear provide heatwhich changes the

temperature of the polymer to get it into a flowing rnelt state, then

the tool removes the heat to bring the polymer back into a solid state'

During this process, the viscosity of ttre nrelt is continually changing'

Ttre geometries through which the rnelt flows are also continually

changing. Compression in the screw, flow through the nozzle,

runners, gates, and the Paxt itself all must be accounted for in the

Process.

Rates of flow maybe related to the screw speed or the injection rate'

Together, geometry and rate of flow can be described by the term

shear rate. Before we describe shear rate, let us look at what is meant

by shear flow. STI( 818

O Ccnenl Elccuic Company 1989
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sTK819

hlymer r

Ildt at R€t !

Sbeg llow ls tie deformation of t[c melt caused W tbe
relatlve motlon of lts boundarlcs and thc dlstatrce

bctxrccn the boundarles.

GE Pbstlce

Shear Flow
Movlng Wall

Scrclw Fflght

Statloaary Wall

@

',>

8

Shcar Rate

Barrct

Sheartog
Flos

s?T( s?{i

@ GE Pbstlcs

Slow Relative Motlon Fast Relative Motion
t-n

Low Shear Rate
in the Melt

Htgh
ln

Shear Rate
tJre Melt

Shear Ratc is the ratc of shear trroyeneat
ln thc pol5roer mclt.

I

Participarrt's Notes:
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Shear flow depends on
rate of motion and

geometry vfiich contains

the flow.

Shear rate describes the
rate of motion of a rnelt
withh a Frxed geometry.

fiiew Flout
Shear flow is si*ply the deformation of a melt causod by the relative

motion of its boundaries and the distance between those boundaries.

The faster the boundaries move relative to each other, the higher the

strearvelocityio the melu Also, the smaller the separation between

the boundaries, the higher the shear velocity felt by the melt. This

process is most easilyvisualized by the motion of the melt benreen the

screw and barrel wall in an extrusion process. The higher the screw

speed (relative to the stationarywall) th.e higher the shearvelocityin

the melt. Also, the srnaller the space between the root of the screw

and the barrel wall, the faster the melt will be sheared at a constant

screw speed. STKSf g

ffiwelr ffifrtE
The rate at which shear flow takes place is reflerred, to simply as shear

rate. As depicted graphically rn the slide, the shear rate in the

polymer is. directly a result of the relative rate of motion of the

boundaries which surround the melt At a low screw,sfreed the melt

will orperience alowshear rate. As screw qpeed increases, the shear

rate on the meltwill increase STK820

G Ccncrel f,lectrie Cornpcny l9E9 M-P[.r-O1 r ?*STIGITiOD e12,/8Hlo-2r



STK 821

@ GE Plastl*

Shear Stress
.-

Low
Rcslstance

Hlgh
Reslstance

Lnw Vlscoslty Mdt Hlgh Vlscostty Mclt

At constatrt Shcar Ratc hlgh vlscwlty polymers
offer more rcsistance to flow.

I

Participant's Notes:

:$TTa 8*:

@

Viscosity

o Vlscoslty Measures Reslstance to Flow

. Viscosity Relates Shear Stress to Shear Rate

Shear Stresso Viscosltv =- Shear Rate

I

Participantrs Notes:

M-PL#OI I 7-STK-MOD &-t?,/89-OO-22 O Gcncnl Elcctric Cbmpany 1989
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Shear stress is a measure

of the meltts resistance

to flow at any given shear

rate.

Viscosity is defined as

the relationship between

shear stress and shear

rate.

fliear Stress

Now let's look at how the melt responds to shear. We know that high

viscosity melts will be more resistant to flow than low viscosity melts'

Shear stress is the rneasure of the force required to flow the polymer

melt. If nuo meltswere deformed at the same shear rate, the polymer

with the higher viscosity would offer more resistance to flow and

therefore exhibitahigher shear stress. Conversely, the polymerwith

the lower viscosity would olfer less resistance to flow and exhibit a

lowcr shear stress. In the slide, we depict this resistance by using a

simple spring scale to meatiure the amount of force required to keep

the melt moving at a constant shear rate. The high viscosity melt

requires the more force to maintain a constant shear rate.

STK 821

trdscosady

Now thatwe have seen there is a relationsh.ip behueen shear rate and

shear stress, we are ready for a more formal understartding of
viscosity. As shear rate changes, the shear stress in the melt may also

change. This relationship between shear rate and shear stress is

defined as the viscosity of the melt. Viscosityis simply a measure of

a material's resistance to flow. Under conditions of constant shear

rate, viscosiry is directly proportional to the shear stress in the melt.

Under conditions of changing shear rate (such as a conversion

process), viscositywill d,efine the shear stress (or resistance to flow)

for all shear rates felt in the process. Now we begin to see how

important it is to understand a material's complete viscosiry when

defining the use of the polymer for 4ny conversion Process.
sTK822
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STI( 823

@ GE Plaetlca

Capillary Rheometer
Ertnrder Rheooeter

Rate

lbEpcrature

Geometry

Productlon Envimnment Lsboratory Simulation

Thc Capillary Rheomctcr rDcasures viscosity at conditions of
ratc ard tcollcraturc fountl in thc conversion procesll"

Participant's Notes:

Sffi EHA:

Shear Thinning in a Polymer Melt

Los Rate Ylclds Htg[ Ratc Yldds
Hlgih Mscoslty Low Vlscosity

Shear Rate affccts resin viscosity.

GE Pbstlcs@

Slow

s

8

Fast

t

Participant's Notes:

M-PLj {)1 I ?-STILMOD 8-12,/HO-2{ O Gcncral Elcctric Compuy 1989
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The capillary rheometer
is used in the laboratory
to model flow in an

actual process at rrrany

conditions of
temperature, and shear

rate.

Shear rate h.s a strong
effect on the viscosity of
polymers.

CapiWary Rhemetn
The complex problem ofhow to obtain the viscosity at arry shear rate

is solved in the laboratory using a capillary rheometer. The capillary

rheometeris a type of measuring equipmentwhich can simulate the

mnge of temperahrres and shear rates seen in an actual conversion

process. By taking measurements at conuolled temPeratures and

varying the shear rate in an orderly fashion, the experimentalist can

determine the response of the melt to dt conditions of shear rate and

temperature which the melt is expected to see in the process. The

capillary rheometer can be thought of as a way to model the process

by taking a series of single condition measurements which cover the

temperatures, iates, a4d geometries felt in the real conversion

process. STK 823

Sikes,r K&u'i*ui*g dra w. Paf,ytnry MeE#

It is important to characterize the shear nate dependence of the

viscosity in polymer melts because they exhibit a unique behavior. At

a constant temperature, as the shear rate increases, the viscosity

drops. This behavior, known as shear thinning, is a consequence of
the effect of shear the on long molecules in the polymer melt. The

higher ttre rate of strear, the less resistance the melt offers, and

consequentlyitsviscositywill be lower. This is seen when a polymer

melt is squirted easily from the nozzle during an air shot but feels

much thicker when a temperanrre probe is inserted'into the melt.

While this seems difficult to understand, it is quite simple when we

see what is happening at the molecular level during flow .

sTK824

€ C.etcral Elccric Cornprny 1989 M_pt"/t-ol r7_STIGMOD LI 2,/89-OG25



@ GE Plastlcs

Shear Thinning

sTK 825

Participantrs Notes:

sTTi. r$*h,

@ GE Pbstlcs

Shear Rate Effect on Viscosity
Constatrt TEmpcrature

I
h
Eo(,
!

shcar Rate €
Thc viscoslty oI a polymer wlll typtcstly decreasc

as thc shcar ratc increases.
8

Participant's Notes:
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As Shcar Rate tncreases, polymcr chslns altgn and viscoslty decreases.
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Viscosity is decreased at

high shear rates due to
shearthiming in the
polpner.

An actual convqsion
process may consist of
many shear rates, each of
which are described in
the viscosityvs. shear

rate crl:rze.

Shear Thittnixtg
In a stationary polymer melt, the,long chain molecules will tend to

find a rela:ced position which is relatively random with respect to any

direction. However, when we irnpose a shear llow on the melt, the

molecules begn to flowin the direction of the shear motion- Because

ttre molecules occupy some volume in the melt, one side of the

rnolecule will be'pulled with the flow. more than the rest ofl the

molecule. But the,molecule will not break under normal shear flow

conditions. Instead, it wilt tend to elongate in the direction of the

flow. As the molecules aligt in the'flow direction,.the resistance to

flow decreases because adjacent molecules carr more easily slide past

each otherin the flow. The net effect is to lower the viscosity of the

melt. The higher the shear rate, the lower the viscosity in the melt.

This mechanism of llow is referred to as shear thinning.
STK 825

Sftaear NnW Weet *ru Viscosig
F{ere is a representation of the qrpicai resPonse of a polynner melt to

changing shear rate. As the shear rate.increases, the polymer

moleculesalignin the flowdirection and the resultingviscosityof the

melt is lower. This curye represen ts the type of shear dependence we

would expect at a constant temperahrre in the melt. To see the

relevance of this to the process,weneed tounderstand*rat the shear

flow throughout the process is changing. An extrusion is qpically a

low shear rate, while flow through the nozzle, runners, and gates of
an injection process exhibit increasing shear rates on the meit. These

shear rates are geometrycontrolled; therefore extremely smatl gates

may lead to excessive shear rates and degradatron of the 

tiia rr'
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STK 827

I

Shear Degradation
At vcry htg[ shear rates polymer degradation can occur due to:

. Excesslve frlctlonal (shear) heattag which causes thermal
dcgradetton.

. Breakdowrr of polymer chalns due to cxcesslve sheer stresses.

GE Pbstlcs@

Participantts Notes:

ffi +{}i.
LlJggU5t.,

@ GE Plastlcs

Rheology

'Slngle Condltlon' Measurements
o Melt Flow Rate
o Melt Vlscoslty

Rheology ln Processing
o Shear Rate Effects

o Time Effects
I

a Effects

Farticipant's Notes:
(

M-Ptr-o1 I 7-ST|GMOD 8-12 /894C?8 O C.encral Elccuie C,ompmy 1989
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Excessivetyhigh shear

rates c:ln canse polymer
degradation during
processing.

Temperature aiso pnays

an lrnportant role in
determining a potymer's
flow.

Shear Degrudetion
We have ghown how a shear field will stretch a polymer molecule and

align itin the direction of flow. Now let's see what happenswhen the

sheax field is too high fbr the polymer melt.

Two glpes of heating are known to increase the polymer's temPera-

ture: external heating supplied by the heater bands, and internal

heating caused by shearwork on the polymer. When the shear rate

becomes excessive, zuch asin flowing through avery small gate, the

internal shear heating of the polymer becom es a dominan t fac tor. At

very high shear rates, the local polymer temperarure mav increase

well above the measured temperature of the melt and actually cause

thermal breakdown of the polymer chains. Not only is the heat

excessive, but under these very high shear conditions, the polymer

drain is being stretched to its limit. Therefore, it is easy to understand

how a polymer melt may be degraded by chains breaking under

conditions of excessive shear. STK827

Rheotog
F{aving seen the effects that s}rea-n rate rras on the viscosiry of the melE,

let's now look further into the eflects that temperature has on

STK 828viscosiry.
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STK 829

@ GE Plastlcs

Flow: TEmperature DePendent

**
*

{t

*
*

*

G
@j

ltsmpaature affeets rcsin vlscnslty.
I

Participant's Notes:

iriTEi SSill
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Flow in Amorphous Polymers
TG Eislcr ftocc!3log Rrngc

sdfifbr Flor EuaofFlotIfo Flot IrcSndsdon

"il *
/ / --(t;

0@.@.

o Addtng heat lncrcases the space bctween tie polymer chdng.
i As oore energ:f is applied. tJrc space lncreascs' and the

polymo floss more easlly. I

Participantrs Notes:
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Increasing temperature
will lower the viscosity of
polymers.

Amorphous polpners
flow above T" but the
temperature.must be
increased firrther to
lower the viscoslty for
processing.

Ttmpemure Depadmce of I-b.
The viscosity of any polymer is known to change with temperature.

We know that on a cold day, polymers such as tar and oil flow very

slowly and are spread with difficulty. However, when these polymers

are warmed, they are found to have the ability to flow easily. These

examples are exactly the same as the temperarure dependence of an

engineering polymer in its melt state. STK 829

NVffi) dpe Arnorphoa,as Potywers
Before getting in to measuring temperature d ependence, le t' s revierv

how temperature affects a polymer. In the solid state, the polpner
chains are frozen into a fixed position. But as the ternperature is

increased, the spacing betrreen adjacent chains increases. At Glass

Transition (T"), the chains of an amorphous polymer have sullicient

separation *rat the mass can flow, but the viscosity is very high and the

melt is not suitable for processing. Only by increasing the tempera-

ture further can the viscosity be lowered to a range suitable for
processing STK 830
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STK83T

. Adding heat lncreases the space bctreeo the polymer chalns.

. Tte CrFtalllnc structurc lrrcsents flow belos Tr.

. Thc potymer rlll flos eccily sheo thc crystels mclt.

GE PE,stlcs

I

I

I

l
I

1

I

I

lfo florlfo Ftot

@

8

TG Ty
DcgndaUon

"il *
n,t W\i-)
+@@ @@

Proccaglng
Rsnge

Ea3c of Flot

Participant's Notes:

STT( 831

@ GE Plasttcs

Tbmperature Effects
Same Polyaer

l.ortop

h
no(,
o

Icd ltstEp,

nllh llarp

Shcar Rate

By measurtag the viscoolty of a polymer at serrcral temPcrature,
wc can determine thc effcct of temperature on vlseoslty.

I

Participantrs Notes:
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Flowing Crystatline Polymers



Cr5atalline polymers flow
above Tr, atYrhich

lemperature they are

well above their T".

Temperature effects are

described using different
constant temperature
lines on the Viscosityvs.
ShearRate graph.

FIsu i" Cnyttolliw Potynerc
Similarly, in a crystalline polymer, the temPerature must be in-

creased to get the polymer to flow. ffowever, below the crystalline

melt tempearutre (T*), the crystalline strucfure Prevents flow. At
T* the c-rystals are dissociated and the melt has a suffi.ciently low

viscosity for processing. Notice that at T*r, the meltis now comPletely

amorphous and well above To. The conditions are met for process-

ingjust like in an amorphous polymer. STK 831

Tenepwail*re Efrecx on Ydscosdry

For any poiyrner melt, we have shown that a.n increasing shear rate

will lower the viscosity of the melt This relationship is described

graphicaltyby a single line on theViscosityvs. Shear Rate graph. In
the capillary rheometer, this relationstrip is determined for any

single temperature. To show the temperahrre dependence ofviscos-

ity, the capillary rheometer is used again, only the polymer is held at

a different temperature. If the temperature is higher, the viscosity is

lower for all shear rates. Conversely, when ttre temperature is lower,

the viscosity is higher for all shear rates. Notice that as the shear rate

increases, *re effect of temperature is reduced. Viscosity curves at

different temperatures tend to converge at very high shear rates.

srK 832
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sTK 833

Tbmperature Effects

A vlscoslty er. tenpcraturc curye ls used to dctcrErinc
the processlng vlndor for the melt.

of

By XtroUht Vhcollty
!t S.rcsal nilpcreturcr
Tb Cr.n Sbor TEEpcrlturc

r Fcoartrnt
bL-S- shcar RrtcitN

ghcar R!t!

Coo!.-nt ghclr nste

topcratute 
-

GEPlastics@

8

Participantrs Notes:

S'ffi{ ES,:t
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Processing TEmperature Range
"il *
(t+

,1,

@ @
TG Rlage ,1,

Thc processlng tcnperatufc raage is deflned dlffereatly
for nnorphous aad crJrgt.lline polymers.

I

Participantts Notes:
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Temperature sensitivity
of flow is derived by
selecting values at a

coru;tant shear rate from
the viscosityrn. shear

rate graph.

Hre grrocessing range is

the range of temper*
tures rryhere &s 6qft hes

the right viscosity for
processing.

Ttmpaafrre Effec$
Amore useful description of the temPerature dependence of viscos'

ity can be derived from theViscosityvs. Shear Rate graph. Here we

see the presentation from the last slide in the upper left corner-

These curves represent shear rate dependence of viscosity at several

temperatures. Now, by choosing a constant shear rate, and reading

the viscosity at several temPeratures, we.can construct a graph that

tells us how strongly the viscosity is dependent on temPerature. The

graphatthebottom isthe same threedatapointsfrom the top graph,

however, now we are looking at the temPerature dependence of
viscosity at a constant shear rate. The slope of this curve tells us how

rapidly the viscositywtl decrease as we increase *re temPerarure. At

any selected constant shear stress, the temperature dependence will

be different,, And for. different polymers, we will see a different

response to temperahrre. This is the curve. that will be used to

.determine the processingwindow for the melt. STK 833

ffiueessfiag Tewap wwewe Range

Fnere we have combined the representations of arr amorphous and

crystalline polymer to see how temperature is important in finding

the processing range. We will define the procesing window as the

range of dscosities where the polymer is useful in processing. That

is to say that the polymer is within the viscosity range where it can fl ow

easily but not degrade. STK 834
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STK 835

Processing Window

r If the teEpcraturc l,s too low. the florr is too stiff.
. If the tenpcraturc ls too hlgh. the rcsln mai degrade-

Y\8.-/ \

GE PE,stlc's@

TG

ts(.'/\- .}

(i;Vllco.lt'

I

RsDgcProceslog
Amorphous

Participant's Notes:

;:TK ESr-;

@ GE P/a,stlcs

Rheology

"Slngle Condi.tion' Measurements
r Melt Flow Rate
o Melt Vlscoslty

Rheotogy in Processing
o Shear Rate Effects
o TEmperature Effects
. Time Effects

I

Participant's Notes:
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The processingwindow
is determined bythe
viscosity range necessary

for flow and may be

bounded bythe
degradation of the resin

sf high temperature.

Ihe time v,hich the melt

is held at its processing

tenper-ature is also

important to qualitf
processing.

hocairingWindout
Now let's look at the temPerature dependence curve we determined

using the capillaryrheometer and see hov' this is used in establishing

the processingwindow. AtlowtemPerature' we know the meltwill be

*or. viscous- In fact, at some temPerature, the viscosity will be so

high that the melt will not 6ll the cavity" The low end of the

temperature range is limited by theviscositywhere the polymer will

be too stifffor the process. In injection molding this is the temPera-

ture where the meltwill result in a short shot- We set the minimum

temperature for the processwindowwhere the viscosity is too high for

the process. This temperature will be different for different polymers

and may change for d.ifferent Processes-

The high end of theprocesswindowmaybe limitedby tle degrada-

tion of the polymbr or a limitation in the Process itself. As the

temperanre increases, the viscosity decreases. The melt flows more

easily and may be found to flash the tool in injection molding or have

too little melt,stren g*r for extmsion or blow molding. In any pro c e ss,

these limitationswill establish the highest temPerature of the process

window" Amd, degradadon of,the sneltlviiL always put a-n upper limit

om the eer&perature qvinciow" T?re nooeass ranges E"ecormrnended qrn

a process d.ata slaeetwill aiways cake these f,aecors i.rtEo accougat' Novr

we ca!! understa.nd wkry tlae process window range rnay be d'ifferent

for d,ifferent processes using the same poiymer. STK835

Timc Weffi onvis@sity
Having an appreciatiori for the shear effects and the.temPerature

elfects of the polymer melt is a large part of understanding how a

polymer melt is aftected by the Process. Now let's examine Thermal

Stability, the third effectwhich deterrnines a polyner's utility,in any

conversion process. STK 836
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srK837

Constant TEmperature & Shear Rate
I

Procr!!
mndil -l

Stablc

Procrss
trIlndow

-l
I

I

Degradlng
\

Resldcace Tlme 

-Tbermal stablllty Erealruaertrents deflne the resldence
tlme rindow for a glven polymer.

GE Plastics

Thermal Stability

I
h
E
ooo

@

gffiBsh

How Rheology Is Used
o Measure Polymer Consistency (9.C.)

o Measure Degradatio:r (Fatlure Analysts)

o Deflne Process Conditions (Setup)

o DesiEIn Tbotiqg

r Define Process Llmltatlons
(Thermal Stabiltty / Residence. TIme)

GE P/p,stlcs@

8

Participant's Notes:
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Thermal Stability tests

on a resin are trsed to
determine the t"lre for
wldch the viscosity
remains constant at any
temperature.

Rheolog;r has rnhny uses

in quality control of a
resin: determining part
quatity, defining setrryr

conditions, designing
toolingr and defining
process stability.

Thgrnal StnbiAU
The last effect that we will deal with is the effect of time on the
polymer melt. If a polymer isvery stable at a given temperature in the
melt, its viscositywill be constant no matter how long we wait to make
a measurement. However, polymers are sensi.tive to heat and will
start to'change when maintained for long times in their melt state.

Two types of changes can take place in the melt: degradation and
crosslinking. Degradation will tend to lower the visc osity because the
polymer chains are becoming shorter. Crosslinking will tend to
increase the viscosity because the polymer is actually increasing in
molecular weight. The time dependence of the process window can
be determined by examining the therrnal stability of the melt at its
processing temperature. As longas the viscosityis constantwith time,
the processor can be confident that the melt will act in a consistent
manner. However, going beyond the thermal stability tim e will cause
the polymer melt to change viscosity, resulting in changes in the
process. STK837

How Rheolog Is Usd
We have examined many of the effects that flow of a poiymer melt
have on determining its usefulness for any conversion process. Now,
X.et's review what we have seen"

Anur measLare oflviscosity is depera<ient om trhree variables: georn€try,
rate , aned Ee$?peratarre- "&t any fixeci cocxlhinatioia of these sariables.
we eam sneasure a p'articuiar viscosity of tkre rnelc" Im QC ofl fire
consistenry ofl a poivrner rnetrt, a singtre cond.ition of viscosity can
determine if the polymer has changed versus an parlier measure-
ment. The consistencyofthe polymer is determined through a single
condition of viscosiry measurement.

To check the quality of a process, we need only compare the viscosity
of the pellets before processing to the viscosity of the'part formed in
the process. If &e viscosity is relatively unchanged, the process has
done little to affect the quality of the polymer. This first technique
is used in determining polymer degradation when the process is sus-
pected in creating a part failure.

We have also seerr that rheoiogy is useful in deterrnining the process
window. The setup conditions for any polymer in any given process
are determined using rheology.

Shear degladation results from improper sizing of restrictions such
as gates in tool design. By understanding the shear rate effects of ttre
me1t, the tool designer can be sure to provide large enough flow
channels to prevent degradation from shear.

And, we have seen that the rheology is a measure of the thermal
stability of the melt. By knowing how long a polymer can be held at
anyprocessing temperature, the converter can determine the maxi-
rfrum residence time he should allow the polymer to sit at high
temperatures in his process. STK 838
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STK 839

@ GE Plastlcs

Flowing and Forming Polymers

o Understanding Flow of
Ptastics (Rheology)

a tic P

I

Participantrs Notes:

sffi{,84CI

@
GE Pbstlcs

Polymer Processing

By lowering a polymer's viscosity,
we ean lower the force needed to make
it flow, aud therefore lower the
nrnount of shear stress on the melt

Participantrs Notes:

M-PLA4r I 7-STK-MOD gl?,/89-0F{0 6 Ccncrel Elcoric C:mpany 1989
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Understandin g rheology
will allow the processor

to improve part quality.

Theprocessor controls
the qtrality of his parts
through 

"sat'slling 
the

viscosity of the polymer.

Flauting and Forming Polymat
Having a basic understanding of a polymer's flow behavior will

increase the awareness that the converter will have on producing

quality parts. Let's now look at the process and see where the

converter can use the rheology of ttre polymer. STK 839

Potymw Prccessing
It is essentiai to know that the converter has conuol over the qualiry

ofhis parts. By controlling the viscosity of the material, the converter

determines the amount of shear sress that the polymer feels during

the conversion process. When the shear stress in the melt is too high,

the polym., *.y be degraded and produce inferior Enished Parts-
The converter can lower this shear stress in the melt through

increasing the,temperature of the melt or providing an easier path

for the polymer flow. STK840
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@ GE Pir.stlcs

Cycle Time Effects in Injection Molding

o Control procegs wlthtn rccommcnded temperature renge
o Lon8 cycle tlme may requlre a coolcr melt.

8

sTK 84r

Participantfs Notes:

I

STK;S*?-

@ GE PE,stlcs

Residence fime in Extrusion

. Resldencc tlme ln cxtrusloa may bc shorter tiaa
lnJcctloo moldlng.

r Allowahle temperature lo the barrd may bc hlgher
than lnJecdon moldiDS.

I

Participantrs Notes:
I
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In injection molding,
melt temperature,
temperafire profile, and

crrcle time must be based

on thennal stability of
the polymer melt.

Extrusion processes

utilize different
temperatures and
residence tirnes than
injection moldi.B.

Lycle fi"ne Effe6 in Injeai,ort Moldittg
The rycle time in the injection Process is dependent on tlie time

required to cool the melt in the tool. However, the converter must

be sensitive to what is happening in the barrel while the melt is

freezing in the tool. If allowed to cook in ttre barrel at high

temperature, the meltwill degrade based on its limitations of ther-

mal stability. When determining the cycle time, the converter must

account for the thermal stability of the meltwhich is still residing in

the ba:rel. The melt temperature , the temperature Profile, and cycle

time must be developed wi*r an awareness of thermal stability of the

melt. STK 841

Residenee Vdrne ase ffixtrzrsiare

fua extrusion process is a continuous process and the melt is kept

moving at all times. Therefore, the residence time of the melt in the

CI(truder may be much shorter than in an injection Process. When

the resid,ence time is shorter, the melt temperature may be higher

without causing degradation. The ttrermal stability of the polymer

decreases as the temperaure incteases; however, the short time that

the polymer spends at temperature in an extrusion can allow it to be

processed at a higher temperature without degradation. These ef-

fects are taken into consideration in deterririning the process window

for an extrusion grade of a polymer. The same polymer may have a

different recommended process temperature for different conver-

sion processes.

This type of rheological characterization of a polymer melt should be

determined by the material supplier in order to allow the converter

to make the highest quality parts. It is the responsibility of &e
converter to know his process and deterrnine how to best accommo-

date any resin he is using in his process. STK842
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Understanding
Flowing and Fbrming

8

sTK 843

Participant's Notes:

@ GE Plastlcs

Differentiate melt flow rate
from melt viscosity.

I

S E+.:

Participantrs Notes:
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Summary and
Performance
Feedback

Unda$and.ing ruwW and Fonnitg
During this module we examined flowing and forming of polymers

and learned the important nariabtes that hinder and improve the

process. Through use of his knowledge of rheology, the processor

can control the quality of his Parts. STK 843
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sTK 845

@ GE Plastlcs

Melt Viscosity vs. Melt Flow Rate
o, Easy Flow Polymer

High Melt Flow Rate
Low Melt Viscosity

. Stiff Flow Polymer

Low Melt Plow Rate
High Melt Viscosity

I

Participant's Notes:

@
GE Flastlcs

Relate five different uses
for rheology.

I

S??T 846

Participant's Notes:
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srK 847

@

How Rheology Is Used

. Measure Polymer Consistency (9.C.)

o Measure Degradation (Failure Analysis)

. Define Process Conditions (Setup)

. Design Tboling

. Define Process Limitations
(Thermal Stability / Residence Time)

8

Participant's Notes:

"'+ ll fi{ rlfiz$Fr

@ GE Plastlcs

Describe how the processor can
affect the quality of his parts
through using his knowledge of
rheology.

I

Participantrs Notes:
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sTK 849

@ GEPlastjcs

Apply Rheology to Control Part Quality
o Control the viscosity of the polymer

to lower the amount of shear stress.
o Account for thermal stability when

determining cycle time to reduce
the likelihood of degradation.

. Accommodate for the different residence
times of different conversion
processes when controlling melt
temperature.

8

(
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@
GE Plastics

Module 8

Prfwmance Feedback

L. Describe why rheologT is fundamental to processing.

2. Differentiate melt flow rate from melt viscosity.

3. Describe how temperature and shear rate alfect viscosity.

4" Describe laow shear can cause degradatiore am a r>oiycmer"

j:,. Reia"rc Lfte proeessxx-!.g +y33166rw rr- 'fie flol^i 1lr'nitati.oras o:i ulae po;Lva'*e::"

r--.,. .Desei'be irl*rc.! Tlr*Cesses Euh:{ei: lfoiair" ttrrercnai scabiiir';:in e ,Bol*,Rmei'.

7. Reiate fr.v'e <iifferent uses f,or rheolog'7"

8. Describe how the processor can affect the quality of his parts through use of his knowledge of
rheology.
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