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Module 7
Heating, Softening,

ancl Melting Polymers
r Tlansition Ttsmperatures
. lbnperature Ra-Bge for processing

o Amount of Heat Necessar5r
for Processing

r Plastic Part ProducUoa
- Heating
- Controlling Heat Energy

@
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Conversion Processes
oooo

Sdoo

Whatcver conversion process is uscd, the urermoplastic pcllets must
be Eg3!9g[ to raise their temperature so they soften or gtg!!.
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Introduction

For any corwersion
pro cess thermoplastics
must be heated so they
soften or melt

trIeating Sofreniry and Melting Polymar
The ability of thermoplastics to soften upon heating, form into a
shape upon moldi4g, and solidify into a Part uPon cooling is what

makes them so unique . This module examines the phenomenon of
heating, softening, and melting from both scientific and practical

points of view. STK 70f

Abjecriaes:
ette end of this module, participant should be able to:

. Describe how amorphous and crystalline polymers
respond dilferently to heat energy. Relate these
differences due to stnrcture to: thermal transition
points, remperature range for processing, and amoun[
of heat necessary for processing.

o For a resin that you are crurentlyworking with; identif
the thermal transition poins, the temperature range
for processing, and the amount of heat necessary for
processing.

a Describe the effects of excessive heat"
* trelesldry four strategies to ned,uce mecltanicai heat"

" * &ffiren given am aattia1 cr hrrpothetieat sitr:.aiom of
excessive crxeel?a.&icatr heat, describe a rea3iscia

approach for deaning with this prohiena.

Coruqsion.Ruczsses
There are many methods of converting thermoplastics into usable

parts. Each conversion method requires that the thermoplastic be

softened then formed. Softening or melting of a thermoplastic is

accomplished by applylng heat energy to raise its temperature. But
how and. why does the polymer soften or melt upon heating? This

module attempts to uofold the mystery of polymer heating, and lend
some practical advice on heating polymers during processing.

sTr( 702
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Heating, Softening, and Melting

SoUd Fellcts Moltcn Folymcrs

Tbe key to successful heating is understanding bow the
polymer will absorb energy during processing.

7

Participantrs Notes:
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Polymer Heating Performance
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TEmpcrature

A hcat capacity trace carr be thought of as a blucpriat of
how a polymcr responds to heat during processing.

7

Partic\lant's Notes:
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It is import?nt to know
how the pollmer wiII
absorb energy during
processing.

A hea€ aapaeityanaee

describes how a pollmer
absorbs heat.

Ileating, Sofuning and Melting
Each polymer has its own heating requirement that is outlined on the

processing data sheet. It is important to understand how that

information is derived for each individual material. Betbre you can

understand that, you must understand how a polymer absorbs energy

during processing. The key to successful heating is understanding

how a polymer absorbs energy. STK 703

P*Wmw &Xeatirag P*rfwx'wwraee

The ireau eapaciry (CF) trace provides a blue pimu fon po[yrnen

heating performance by indicating at what temPerature a polymer

",iU 
begr" to soften or melt It also provides other useful information

on polymer heating and itwill serve as the foundation for the many

heating issues discrrssed in ttris module. STK 704
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Specific Heat Tlace for Polycarbonate

LD(AN@ {4{ resin
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The Heat Capacity Tface

o Poi"nts Out TEmperatures Where Material
Characteristlcs

o Indicates Appropriate TEmperature Range
for Processing

o Quantifies Amount of Heat Necessary
for Processing
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Actual specific heat trace

for polycarbonate.
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The heat capacitytrace
allorts you to interpret
thermal transitions
nfiere properties chonge,

Speciftc Heat Tbacefor Po$urbonatz
This is an actual specific heat trace of an amorphous polymer

STK7O5

.Thc Hew: *&@ert?: I;g,e*
Tlae heac capacirv traca descrr-bes wlaaa ;rappems rs a potywrer as ii

absorbs heat energy. Upon examination, it' reveais three very impor-

tant pieces of information.

First, it points out the material's important thermal transitions' That

is, it indicates at what temPeratures the material characteristics

change. Secondly, it indicates atwhat temPerature the material can

be processed. And thirdly, itquantifies the amount ofheat required

to process the material. We'll discuss each of these items individually'
srK706
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Polymer Structure
Amorphous Mg{q!
A Random Entanglcment

of Folymcr Chains

Crystalline Model

Areas in which Molccular
Chains Lie Side by Side
in an Ordered Fashion

Because amorphous and crystalline polymerb have very different
structures, tJrey also havc very different heating requiremcnts.

7
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Participant's Notes:
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Amorphous Polymers

o Are Structural Below the Glass
Tfansition TEmperature (T6)
and Rubbery Abowe It

. Rely on Physical Entanglements
of tlre Molecular Chains for
Structural Properties Below T6

7
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Amorphous and
crystalline polymers have

different stnrctures.

Because of the different
sbrrcture, they also

exhibit different heat

absoqption

Amoqphous poi$amers aa"e

*glasqf belowthe glass

transition lernp erature
and *nrbberrl above it.

Polyner Starfitre
Polymers are comprised ofmany long chain-like molecules of repeat-
ing sEuctural units. Theway these molecular chains align themselves

determines the structure of the polymer and ultimately has a great
impact on the material's heat absorption characteristics. Because

amorphous and crystalline polymers,have very different structures,
they also have very different heating requirements.

To be 'amorphous' means literally, to be without structure.
Amorphous polymers are characteri zedby the randomness of their
entangled polymer chains. This top drawing is a simple model depict-
ing amorphous structure. STK ?0?

Sue to its molecutran'sr[r"dnctutre, aE] arnorp]rous potryrner is sUtactura];

that is, solid belowits glass transition temperature and rubbery above
it. Below its glass transition temperature, the amorphous polymer
depends on the random phyucal entanglement of its polym er chains
for its structural properties. STK ?08
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Glass Ttansition TEmperature (Tc)
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Glassy Rubbery
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Heating Amorphous Polymers
TG DcgradaUoo
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That teoperature at which a polymer structure turns'
mUUcry upon heating and glassy upon cooling,



At glass transition
temperature polyners
become *nrbbeqf upon
heating and "glasslP
qPon coolhS.

As heat is added to
amolphous polymers the

space between molectrlar

chains is increased and

the polymers begin to
flow:, Above T" the
polymer olecrrles are

able to b.gio to flow.

Glass Transition Tmtp ratu.re
Every polymer has a'glass transition temperature (T"). It is the

temperature at which a material turns rubbery uPon heating and

glassy upon cooling. Below T., an amorphous polymer is hard, like

glass, and structurally,sound. Above T"l m amorphous material

begrns to soften, becoming rubbery and increasinglv pliable. The

terrns "glatty" and "rubbery" Te actually referring to glass and

rubber. Glass has very high glass transition temPerature - ovei I 000"F

, - so it is most often below its T, and therefore glassy and rigid.

Rubber, on the other hand, has a very low glass transition tempera-

ture - below OoF - so it is most often above its T" and therefore rubbery

STK 709and soft.

Neafi,rag AwaWF sum P*S*eers
As stated, an a^n'lorphous polpreer is comprised of,c'andom entangle-

ments of molecuiar chains. BelowTo, these chains turist, tangle, and

collapse in on themselves and their neighbors forrni.g a tight struc-

nrral 'knot." Adding heat energy increases the space benreen the

molecrrlar chains causing ttrem to loosen. As more heat is added the

chains slowly begin ,to slide back and forth and eventually flow. To is

the temperature atwhich the chains loosen enoughto begin to flow.

srK 7r0
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Heat Capacity Tface - Amorphous
fc
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TEmperaturc

The area under the curve quantifies
the amount of heat.
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Polymer Structure
Amorphous Model
A Rs.Edom EntarglcEcnt

of Folymer Cbains

Crystalline Model
Arcas in which Molecular
Chains Lie Side by Side
in an Ordcrcd Fashion

Bccausc amotphous and crystolline polymers havc very diffcrent
structures. they also havc very differcnt heating requirements.

7
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The heat capacity trace

of an amorphous resin
describes the amount of
heat necessaryto
insease the temperature
of the resin above its T"
and into the processing

temperature range.

The difference in the
wayamoqphous and

cr5stalline polpners
absorb heat is due to the
presence of crlstals in
the cqrtalline material.

Heat Capaciry Tlace -,\morPhotrs
The shape of the heat capacity curve is similar for all amorphous

polymers; however *re acrual coordinates changewith each individ-

ual resin and resin grade. Ttre'trace quantiEes how mtrch heat en ergy

is necessary to increase the temperature of the poly,mer above its T"
and allow i.t to flow. .Notice that the curve is constznt, then rises

dramatically, then levels offagain. This drarnatic rise inclicates the

additional heat energy absorbed by the polymer going through its

glass transition. The material's Tr1ange is defined by ttre width of
that rising slope, where there is sufficient heat energy arailable for

the material to begin to flow.
sTK 711

Potynw S#awtp.ws

Crptalii.ne polyrmers ahsorh energy diffenantly tha:: amorphous

polymers due to their structural differences. Whereas amorphous

polymers are comprised of a random mass of molecular chains,

cqrutalline polymers contain of order in which their chains lie

side-byside in a regular fashion. These regions of order where the

chains line up and lie closely together are referred to as crptals. The

presence of these crystals is referred to as crystallinity. This bottom

dra*r"g is a simple model depicting crystalline structure.
srK712
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Crystalline,Polymers

o Have Low Energy 'Crystal" Regions

Mel Point

GE Pbstlcs@

7

o These 'Crystals" Are Present

Above It

Below the
but Are ted by Hea

Participantrs Notes:

l$TE{ ?":1cl

@ G€Fbsties

Melting Point (Tnr)

TEmperature at which Crystalline
Regions Dissociate (Break Apart)
and Are Able to Flow

7

Participantrs Notes:
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Polymer cqstals are

broken apart
(dissociated) when
heated above the melting
point ff").

ezfeltingpoimc (-Eo) Es t&e

temaperature at r*&ich

cqstdline regions
dissociate and are able to
flow.

Crystalline Po$mas
Due to its molecular structure, a crystalline polymer contains low

energyregions of crystallinity. Below a crystalline polymer's melting

point, there is not enough energT available to force these low energy

crystalline regions to break apart and flow. At the polymer's melring

point, these crystals dissociate. STK 7f3

lkff.eflteeag Fwdaa:t

Ever:r erysaffiima po{yrarer }aas a meaiing Eotsrr ic li rtre texnperature

at which the crystaliine regions breatr< apart and begin to flow.

STK 7T4
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Heating Crystalline Polymers
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o Addin8 heat increases space between molecular chains.
. Crystailine structure prcvents flow until T11.

7
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Heat Capacity Ttace - Crystalline
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The arca under the curve quantifies the amount of
heat nccessary to change tesrp€rature.
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As heat is added to
cr5rstallin:e pollmers the

ryace between molecrrlar

ch?in< is increased but
the cr5stalline structure
prevents flowrmtilT*.

The heat capacitytrace
of a crystalline potymer
quantifies the amount of
heat necessary to change

the temperaArre.

Heating Crystalliru Polynm
As hearenergy is applied to a crystalline material, i'ts molecular

chains begin to vibrate. Above T", they continue to vibrate but do not

separate or flow. Above T^r, enough energyis fi.rally Present to break

apart the tightly packed molecular chains in the crystalline regions'

When these crystals finally dissociate, the molecular chainsimmedi-

ately begrn stiding past each other easily due to the high level of

energy already stored in the structure. Therefore, a crystalline

material is said to melt and flow above its Trr. The crystalline

polymer's processing temPerature range b.gt rs at Tor" S'TK 7f 5

ff{ea& ffiwpaadry KTas* - *sste,ffidree

Tine heat capaciry race ofla crystaiiine potryrner is similar to that of am

amorphous polymer with the added fearure of a melting spike asso-

ciatedwith the meltingof thecrystal structure- The sh.ape of the heat

capacity curve is similar for all crystalline polymers; however the

actual coordinates change with each individual resin and resin grade.

The trace quantifies how much heat energyis necessary to increase

the temperature of the polymer above its T* and altow it to flow- The

material's T, fialls at the peak of th. .,r*. ,nhere there is enough heat

gnergy present for the materid to flow. At this point the strucnrre has

ttored so much energy that the molecules begin sliding Past one

another easily and flowing enough for processing. STK716
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srK 717

The Heat Capacity Tface

. Points Out TEmperatures Where Material
Characteristics Change (Tfansitlons)

o Quantifies Amount of Heat Necessary
for Processing

o Indlcates Appropriate TEmperature Range
for Processing

GE Pbstlcs
@

?

Paticipant's Notes:

5E{ ?18,

r

Polymer Processing Temperature Range

Thc processing tcmpcrature range is an estimatc of thc
tcmperature needcd to allow a material to flow.

GEFketIcs@

AEorphous

Crystallinc

TM

Participantrs Notes:
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As heat is added to
crystaltinb pollmers the
space between molectilar
chains is increased but
the crSstalline structure
prevents flowuntilT*.

The heat capacitytrace
of a crysalline potymer
quantilies the amount of
heat necessary to change

the temper:attrre.

Heating Crystailinc Polymas
As heat enelgy is applied to a crystalline material, its molecular

chains begin to vibrate. Above T., they continue to vibrate but do not

separate br flow. Above T* enough energyis fi.rdly present to break

apart the tightly packed moleCular'chains in the crystalline regions.

When these crystais finally dissociate, the molecular chains immedi-

ately begrn sliding Past each other easily due to the high level of

energ), already stored in the stnrcture. Therefore, a crystalline

material is said to melt and flow above its Tr. The crystalline

polymer's processing temperature range begrns at Tor. STK 715

EXe@* #wpairy Kksee - ffrystuWd,xae

Theheat capacitytrace ofa *ayse*I'line polyiraer is similar to thatof,am

amorphous polymer with the added fearure of a melting spike asso'

ciated wittr the melting of the crysal strucnrre. The shape of the heat

capacity curve is similar for all crystalline polymers; however the

acnral coordinates change with each individual resin and resin grade.

The trace quantifies how much heat energyis necessary to increase

the temperanrre of the polymer above is T* and allow it to flow. The

material'sT, fallsat the peakof the curvewhere there isenough heat

energy present for the material to flow. At this point the structure has

stored so much energy that the molecules besn sliding Pzrst one

another easily and flowing enough for processing. STK 716
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The Heat Capacity Tface

. Points Out Tbmperatures Where Material
Characteristics Change (Tfansitions)

. Indlcates Appropriate TEmperature Range
for

o Quantifies Amount of Heat Necessary
for Processing

7

Participantfs Notes:
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Polymer Processing Tbmperature Range

ADorphouE

Crystallinc

TM

Thc processing tcmpcrature range is an estimatc of thc
temperature needed to allow a material to flow.

Participantrs Notes:
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Temperature
Range

The heat capacitytrace
indicates the appropriate
temper:ature range for
processing.

Tme p oirrnn en glro cessimg

temperature range is an

estimate of the

temperature needed in
ordq for a material to
flow.

The Heat Capacity Tiuce
The heat capacity trace points out the temPerature at which the

amorphous material softens and the temPerature at which the

crystalline poiymer rnelts. Itindicates the appropriate temPerature

range for processing the resin, and provides a blueprint for process-

irg. STK 717

tr * ryanw,Fhecmmiacg Twa& wweaar,,':

'The ooiyrner proeesser1g tefinpai-atur= :-angt ls ar :stlrr:ate of '&e

temp€rature needed in order for a nrateriai to flow. This temperature

must be above T" for an amorPhous polymer and above T, for a

crystalline polymer. STK 7f 8
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Polyrner Processing Tbmperature Range
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Tc M

7

Participantts Notes:
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Polymer Degradation

o Adding tfoo Much Heat Will
Cause a Loss in Polymer
Properties (Degradation)

. Heating Tbo Long Will Cause
Degradation (Extended
Residence Time)

GEFIEsffes@

Participant's Notes:
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The processing

temperature range can

be estimated from the

heat capacity trace.

Excess heat cai.rses

excess degradation"

PrucasingTmrpaahre fury,
The beginning olan amorphous polymer's processing temPerature

range is an estimated temperature derived from its own heat capaciry

trace. The high end is another estimated temPerature, below which

the material will flow freely but abol'e which the material may begn

to degrade.

The beginning of a crystalline polymer's processing range is T* and

is derived from its heat capacity trace. The crystall,ine polymer will

not flow until T*r. STK 719

Po{vnaer &ryradatdwra
Ad.ding heat to a polymer rnetrtwilX increase the flow, but ad.ding too

much heat will cause excessive degradation resulting in a loss of
polymer properties. Heating a polyrrertoo longwill cause degrada-

tion and may result in substandard parts. STK720
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The Heat Capacity Tface

o Points Out TEmperatures Where Material
Characteristics Change (T[ansitions)

o Indlcates Appropriate TEmperature Range
for Processing

r Quantifies Amount of Heat Necessary
for

Participant's Notes:
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Endothermic and
Exothermic Tfansitions

Durtag proccssing, polymcrs undergo thermal transltious:
Endothermic Exotbcrmic
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Tikes in Heat Givcs Off Heat

Participantrs Notes:
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Amount of Heat
The heat capacitytrace
quantifies the amount of
heat necessary for
processing.

There are two basic tlpes
of thermal transitions.

The Heat Capacity Trace
The heat capacity trace points out the important thermal transitions

thus indicating the material's processing range. It also quantifies the

amount of heat necessurry for processing. STK 72f

ffia&atkeyaed* sred Neo&ffiwde Tbsaasrifa'oees

Suring processing, a polpner gCIes thnougla tw@ types of ther-rna-X

transitions: endothermic and exothermic. Upon heating, the poly-

mer takes in heat energy. This is called an endothermic transition.

Upor cooling, th. poly*er gives offheat energy. This is called an

exothermic transition. This module is concerned with the endo ther-

mic transition. E:<othermic transitions are discussed in Module 9,

Cooling and. Freezing Polymers. STK?22
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STK 723

Endot}ermie Tfansition

Tbcpg3! on the CrystqrUne Hcat Capadty IFece lndlcatcs the
anoutrt o( addlUonal coergy needcd to Edt thc crystals.

GE Plastles
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Participant's Notes:
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Specific Heat Capacity (Cp)
Spccific Hcat Capaclty is the encrgy rcquired

to heat onc gram of matcrial one dcgree centigrade-

500c 5l"c

I Gram I Gram

f Cal/ Gram/'C = I BtrU /Lb. /'F

7
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The meltingpeak on the
cr;stalline heat capacity

trace is an endothermic
transition.

I{eat capacity trace is

defined as the quantity

of heat required to
change t1s lemperature
of one gram of material
one degree centigrade.

Fndothqmic Tlansition
During the endothermic transition, the polymer is actually absorb
ing heat energy. The peak on the crystalline heat capacity trace

indicates the amount of additional energy the polynler must absorb

to melt its crystals. STR723

$eeifi.e E{w,e {epw€dry {Ap}
Tne kreat capacity trace ean quanti$ this heat energy, provrding t}:e

converter with practical processing inforrnation" Specific Fleat Ca-

pacity (Cp) is the energy, in calories, required to heat one gran4 of
material one degree centigrade.Itis expressed in calories Per gram

per degree centigrade (cal/gram /oC). The heat capacity trace

defines the amountof energyrequired to raise amaterial's ternPera-

ture. STK 724
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Heat Capacity Tface
Amorphous and Crystalline Polymers
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Polymer l:.
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Crystalline
Polymer
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G AHr

TEmperature TEmPerature

r A crystalllnc polyocr rcqulrcs additioaal hcat encrgy to mctt lts crystals
. Thls addltiogal cncrgy is thc Hcat of Fusion lAllrl

7
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Participant's Notes:
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Heat of Fusion (Melting)

Heat of Fusion (AH r) is the amount of
heat needed to melt a crystalline
stnrcture (calories per gram or
BTU's per pound).

I

Participant's Notes:
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A crystattine polyner
requires additional heat

energy to melt its tightly
packed crrstals.

i{eac ofl fl-usioa is tire
amount of heat needed

to melt a crystalline

strtrcture.

Heat Capacity Trace
Amorphous and C,rysta.lline Polymerc
Energy to heatis determined. by calculating the area under the heat

capacity trace. fu you can see, the crystalline polymer requires

additional heat energy to melt its crystalline regions. This additional

energ'y is calied the Heat of Fusion (AHr). STK 725

E{em* at Fsisdwa ,iM.edtdw,,

Hea-r ,oi'Ftasion iAH.l is lne an-{noiinii ilf ireai neecjec' ,in ntel.i ,

crystalline polvmer's crystalline regions. trt is determined by caiculat-

ing the area under the pea-k in the heat capacity uace and expressed

in calories per gram or BTUs per pound. STK 726
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@ GE Pbstlcs

Energy R ents

The larger thc melting peak, the more energy required for melting.
7

STK 727

Participant's Notes:

STT{ ?gIJ

@ 6€Plastics

Melting Peaks

B: Smaller AH6

Go;
E
ea
6
I0

I
o
aA
6
!,0

TEmperaturc TEmperaturc

It taf,cs more cncrgy to melt A than B, since thc
beat of fusion (AH1) for A is greater than for B.

7

I
I
I

CryEtaulDc PolyDcr Ta

T6 Mcltlng
I EldotncrE

Crystallloc PolyBCt

T6 Mcttlng
Endoth!rB

Ta
I
I
I

Participant's Notes:

O Gcncrzl Elcctric Conpary l9€9

A: Larger AH1
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The larger the melting
pealq the more energ'y

required for melting.

Et ta&.es ffilore eulergy tffi

melt cqrtalline A than B

because it has la"ge"

meltingpeak.

Entrg Requirmtene
A large peak in a material's heat capacity trace will contain more area

underneath it than a smaller Peak. Thbrefore, the larger the melting

peak, the more enerryrequired to melt thatpolymer's crystals- It can

be likened to ttre great amount of energy it takes to scale a large

mountain peak as opposed to the relatively small amount of energy

it takes to traverse a small hill. STK727

M.e**img trew.ix

Frsma *:is exa:riptre tteen, you eaTx see ir c^iili take inore rnargJ,' tG rnelr-

endotherm A than endotherrn B. Crystalline polyrner A has a higher

AH, than crystalline polymer B. STK 728
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srK 729

@ GE Pbstlcs

Calculating the Heat Requirement
lyplcrt ADotpbour hlyrtrcf Ilplcrt Clysrrlllne hlyEcr

;ie
I
!
3

I

i
;e
I!
J

t
ttlD4aq.t

hlFarDo!.fc hlybutylcoc
IEfEphualstc
PBT

Itc.rcr uDdcr tDc tnce $wa E! tDc bcrt EqllEd to loqcerc thc tropctlturc
olr pollrtfrqr dfrllg tcopc,ttotr to ltr D,ruccrslDd tc8Pctrture

7

sTEi ?S{i

@ GEFbstfcs

Heat Capacity Tface
(On HeatingJ Defines:

Tc Glass Transition TEmperature

Trrl Melting Point

Cp Heat Capacity (Also Called Specific Heat)

AHr Heat of Fusion (Meltitg)

By understaading hos to read tlre heat eapacity trace' wc can
determ.ine tJre proper heatiog specifications for processiag.

7

Participant's Notes:

x-fl -rJl I ?-snhLoD 7-r !,/s{o-!o G Crn.nl Electric Coapcny l${l

Tp
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The area under the heat

capacitytrace gives us

the heat requirement for
each polymer.

The heat caFacitytrace
gives us valuable
infor:mation to help
determine the proper
heating qpecifrcations for
processing.

C-alculating the Heat Rnquirment
We know that thevertical oris represents the specific heat capacity in

eithercals /gnm/"Cor BTUs,/lb/"F- Andwe know that t] e horizon-

tal a:cis represents the temperature of *re polymer. Finally, we know

*rat the area under the trace represents the amount of heat energy

being absorbedby the polymer. Then by calculating the area under

the trace from the material's arying temPerature to its processing

temperature, we can determine'the total amount of heat energy

required for processing. By understanding that the amount of
energy required for processing is quantifiable, the converter can

monitor the heating process to be certain that additional energy is

not,being spent and therefore wasted. Ultimately, it could result in

substantial operational cost savings. STK 729

EXea& Cofio*t$ Wse*
fiae heat capacity trace neveals aia amorphous rnaterial's giass transi-

tion temperature (T") and a crystalline materiai's melting ternpera-

nrre (T*) which lets us determine each material's processing range.

It also reveals each material's hsat capaciry or specific heat, and a

crystalline material's hsat of fusion (ffir) which lets us determine

each material's heating requirement.

Understandin g the science of heating helps us determine the proper
heatin g specifi cation s for processin g a polym er materi al. Now having

laid this foundation, let's look at the actual process of heating,

softening, and melting during iniection molding. STK 730
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@ GE Pbstlcs

Plastic Part Production

Material Dictates Processing

Processing Dictates Performance

7

sTK 73r

Participantrs Notes:

iSffi; ?3:i

Four Steps in
Polymer Processing

o Heating, Softening and Melting
Plastic

o FlowinEi and Forming the Melt

o Cooling and Freezing Plastic

Thc dricd thcrmoplastic pcllcts are heallg! to softcn
or melt them and then are formed into a part and cooled.

GEFbsffcs@)

o Drying

7

Participant's Notes:
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Plastic Part
Production

The material and the
processing dictate
performat ce.

E{eating, sofftening, ffi d
melting is one of four
steps in potpler
processing.

Plastic Part hoduction
The rnaterial's heat ca.pacity trace will indicate the processing para-

meters. Adh eren ce to these pararne ters wilt ultim ately affect part Per-

formance. If, for example, a material is heated beyond its processing

range, it will degrade, r'esulting in substandard parts.
srr,731

ffi*ew StuFs dm PsWw &ucmsemg

Folyiner processing cara be hnoken dowri into four sreps: drying,

heating, flowing, and cooiing, Drying is ciiscussed in depth in Module

6, and flowing & forming and cooling & freezing is discussed in

Modules 8 and 9 respectively. This module is a close examination of
the second. step: heating, softenin8, and melting. 

STK 232
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STK 733

@ GE Pbstlcs

Heating

Heater Bands

DlcG
or

Mold Screw
Rotation

. Heater bands provide electrical heat energy.

. Screw rotation providesmechanical heat energy.

7

Participant's Notes:

@ GEPlasffcs

Electrical Heater Bands

. Electrical hcating alone may result in a less
' consistent Eelt tcmperature

7

Sffii 75+

Participant's Notes:
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A.combination of
electrical energy and
pgchanical . energy raises

the temperature of the
polymer to its processing

rarge.

trleoerica9 heating alosae

mayresult ia a Eess

consistmt melt
temperatrre.

Heating
A combination of electrical and mechanical energy heat the thermo
plastic pellets during processing. Heater bands on the exterior of the

barrel provide the electrical heat energy, while the rotation of the

screw within the barrel provides the mechanical heat energ7.

STK733

Wawdwff X{m,tur ffiatds
The heater bands are placed en the or:tside of, the barretr burt they

direct heat energy through to the interior to heat the material. But

plastics are excellent insulators and therefore do not transfer heat

readily. Consequently, the electrical heating bands would probably

onlyheat the material atong the surface of the barrel ifitweren't for
the mixing action of the screw. STK 734
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sTK 735

@ GE Pbstlcs

Screw Rotation
o

A rotating screw exposes the plastic to the heated barrel, mixing
and conveying it forurard. providing a more consistent

melt temperature,

Participant's Notes:

@
GEFtrastics

Controlling Polymer Heating

. Electrical Heat Energy

. Mechanical Heat Energy

7

5T3L ?S$i

Participant's Notes:
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Screrr rotation exposes

the plastic to the heated

barrelwhile mixing and

moving it fonsard for a
more consistent melt
temperature.

tomtroElims
E{eat Enerry

Electrical
Electrical heat energ;r-

Scrau Rntation
The rotating screw exposes all the material to the heated barrel as it
mixes and conveys it forvvard. Using the rotating screw provides a

r.nore consistent melt temperature than electrical heating alone'
STK 735

#8{rtr@{i6ieg Paf,ymw e&wffng
Et is the chatrIenge of tlee converter to controX this eouebination of
electrical and mechanicai heat energyin order to achieve the proper

material processing'temperature throughout the run. Since the

electrical heat energy is aQiustable and quantifiable, it is the easier of
the truo to control STK736
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srK 737

Electrical Heat Energy
Barrel temperatures are set according to

lnformation clerived froo t}re heat capacity trace-

The settings may Dot accurately represent the
thc temperature of tlle melt.

GE Pbstlcs@

7

Participant's Notes:

STEL ?38

@
GE Ftastles

Melt Air Shot

PyroEctcr
On Samc

Cycle
At SaEc

Injcction Specd

{

lnsulated
Contalner

A melt air shot will reveal tlc actual tcmperature of the melt
if tat

7

Participantrs Notes:
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The heat capacity trace

can guide us in setting
initial barrel
temperature.

Settings on the barrel
maynot accrrrately

represent the
temperature of the melt.

A mele air shot wilB resea}

the actual temperature

of the meIL

The air shot must be

done rmder
representative molding
conditions.

Electriml Heat Enqg
The barrel temperarures are setaccording to information found' on

the processing data sheet'and derived from the heat capacity trace.

Itis assuined thatthematerial enters the barrel atits drying temPera-

ture and should leave the barrel at its ideal processing temPerature.

The heater bands are typicatly set to increase the temPerature of the

melt incrementally until injection. But the settings on the heater

bands may not accurately rePresent the temperature of the melt.
srK 737

fufehtAdr "ffim8
?tre actual Eemperatune of'the melt ean be obtai.ned by taking a metrt

air shotinto an insulated container, then measuring its temperature

using a needle-type thermocouple of a portable ppometer. The

melt air shot should only be taken after the machine aand running
conditions have been stabilized, and under the exact siame rycle
conditions as the acnral shot. STK 738
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STK 739

@ GE Plastlcs

Actual Melt TEmperature
5600F

The temperature of the mclt may actually be hotter than indicated
by the heater band controller due to mechanical hcating.

7

500"F

Participant's Notes:

sTTq 74{r

@ GEFlastias

Mechanical Heat Energy

. Mixing action of the screw causes
frictional (shear) heating.

o Screw design causes compressive
heating (adiabatic).

7

Participant's Notes:
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Mechanical heating may

raise the temperature of
the melt above the
temperature indicated
by the electrical settings.

Mechanical heat energy
is the result of frictional
(shear) heating caused by
ftg "ni*ing action of the
screw and adiabatic
heating.

Actu"al Melt Tlznprature
The melt air shot reveals the actual temperature of the rnelt upon
injection. And it mayreveal,that the material is running much hotter
than the heater band controllers indicate. This difference in mate-

rial temperature is caused by the addjtional mechanical heat energy

being applied to the melt. STK 739

lVfledwEeiw& Eileat Emmg
Yhere are two Eypes oflrsreclnanical h.eating goirag on inside the buren"

T'tre first is the frictional (shear)heating being caused by the mixing
action of the rotating scre$r. The second is called adiabatic or
compressirrc heatingwhich is caused by the design of the screw. The
screw in the injection molding machine is tapered so that the space

inside the barrel,decreases as the thermoplastic is plasticized.. The
material is compressed as it is conveyed forward for injection causing

additional mechanical heating STK 740
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STK 741

t

Excessive Mechanical Heat

Excessive mechaqiqal heal! nay increase the temperature of
the melt beyond the recommended processing rangc

causing molded part defects.

?sffi @:@"
:$

-(

GE Pbstlcs@

Degradation

Participantrs Notes:

;e- 74!r

Controlling Polymer Heating

. Electrical Heat Energy

GEFlastfes@

7

Participantrs Notes:
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. Mechanical Heat Energy



Excessive mechanical

heat may canrse

degradation due to
temperature increase

above recommended

ranges.

ffoxatrotrI€g?ffi

E{ea€ Energy
Mectranical

tr4gchanical heat eneqgL

Exwsia e Me&,aniu.l H eat

Although the heater bands mayhave been set to the proper Process'

ing temperature, excessive mechanical heating may increase the

temperahrre of the meltbeyond the recommended processing range

and cause the material to degrade. F.r<cessive degradation in the

material results in low performance Parts and probable defects.

, srK74r

lewe#wW6,reg Pa ryeraw We*aiwg

trt is amportant to i.earm to eom'urol urae mecharlleal raea.c enrrgy helmfl

appiied to the materiai. STK 742
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srK 743

@ GE Pbstlcs

Reducing Mechanical Heating

o Reduce Back Pressure
r Slow Screw Speed

o Reverse Tbmperature Profile
o Alter Screw Design

7

|,$TJE['?4"-.

@ GFFIaS#cs

Back Pressure

Material Prcssure
(5OO to lOoO psi)

Oil Back Prcssurc
(5O to rOO psi|

As the matcrial accueulates in front of the screw.
it exerts prcssurc on tlre backward moving screw.

7

oll
lO:l

Participant's Notes:
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Reduce back pressure.

As material acctonulates

in the front of the screw

it serts pressure on the
badsrard moving screw.

Rcduci.ng Me dtaniml H eating
If a melt air shot indicates that the niaterial is running too hot, the

processor can try to reduce *te mechanical heat in a number ofways,

Reducing the back pressure may be the first strategy taken. The

specific order will vary according to the processing conditions.
srK743

trae*- &sselp'e
As we've seelr, the reciprocatimg screw 6rst acts to neix the material

and convey it frorward for injection. As more and more.material is

conveyed fonuard, it begins to accumulate in the front of the screw

exerting pressure on the screw and pushing it backward. Back

pressure is the resistance placed on the back of the screw. Back

pressure is applied to slow the screwreturn so itcan finish plasticizing

the melt. What the processor may neg lsalizs is *rat although the

meferindicates back pressure of 50 to 100 psi, that translates to 500

to 1000 psi of material pressure. STK 744
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srK 745

@ GE Pbstlcs

Minirnum Back Pressure

Since back pressure increases
mechanical heating, it should be
set at the minimum level for
good melt consistency.

7

Participant's Notes:

$TTi ?461

Reducing Mechanical Heating

o Reduce Back Pressure
. Slow Screw Speed

r Reverse Temperature Profile
. Alter Screw Design

6EPlasficE@

7

Participantrs Notes:
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Increased back pressure

increases lrxgcheni6al

heating.

Slona" sarew speea"
d

Minimum Ba& Prastre
Since back pressure increases mechanical heating, it should be set at

the minimum levei for good melt consistency. Reducing the back

pressure on the materialmayhelp to reduce the mechanical heating'
srK 745

W dw{i:veg iWe tge&wdwi" EX c atirq"g

If reducing tlte'back pressure cioesn'i- ilaeip, rtre eo::verter eoutrd w
slowing ttre screw speed. STI( 746
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GE Plastlcs

Screw Speed

Screw specd refers to the number of scrcw
revolutions per minute (rpm).

7

srK 747

@
GFFdasffcs

Slow Screw Speed

Slower screw speeds red.uce
mechanical heating.

sffi(:?48

Participant's Notes:
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Scrers speed is the
number of rotations per
minute (tp-).

Reducing screw qpeed

can reduce mechanical
heating.

Srat Speed
The screw speed refers.to the number of revolutions the screwma^kes

per minute (rpms). The faster the screw turns,'lhe greater the

mechanical heating. STK 747

S&ow Swmt S&wd
Since faster screw speeds i::.crease rsnechanicai heating and the screw

has to return'on the sritch before the clamp opens, the screw shouid

be given as much time as possible to rotate back into position after

injection. Slowing the screw speed as it roufes back may help to
reduce the amount of mectranical heating. ' STK 748
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STK 749

Reducing Mechanical Heating

r Reduce Back Pressure
o Slow Screw Speed
. Reverse TEmperature Profile

GE Phstlcs

o Alter Screw Design

@

?

Participant's Notes:

ST"K?,6il

@
GEPiastics

Reverse Temperature Profile
500 490 470 450

$pical Profile

45,0 47o 490 500

Reverse Profile
Nozzlc Feed

Rcversing the tcEpcraturc profile lowcrs the viscosity
of ttre polymcr sooDer and therefore reduces

the amount of mechanical heat generated.
7

Participant's Notes:
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One way to reduce
mechanical heating is by
reversing the
temperahreprofile on
the barrel.

Reversing the
temperature profile
lowers the viscosity of
the pollmer sooner and

results in less mechanical

heaqing.

Rcdtt cing Me dtonical H e ating
If a melt air shot indicates that the material is r:unning too hot, there

are rarious steps the converter can take to try to reduce the mechani-

cal heating. One approach is to reverse the temperatu.. 
tffiin,

Rrzrl*Br; e Towap erwtur* fuaffiEe

trre tfue rypical processingprofitre, the Ereater banci.s are set at tempera-

tures rising incrementally from the back of the barrel to the front.

The temperahrre at the front of the barrel is the ideal procissing

temperahrre for the material. But aswe've seen, the temperatures on

the barrel indicate the temperature of the electrical heater bands,

not the temperahre of the melt. The temperahrre of the melt may

achrally be much higher than the barrel dials indicate.

Reversing the temperature profile, that is, setting t}e temperature to

decrease incrementally from the back of the barrel to the nozzle,

reduces *re viscosity of the melt sooner. A lower viscosity melt has less

resistance and therefore creates less mechanical heating.
sTK 750
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STK75T

Stabilizing the Melt

Reversing the temperature profile ray stabitize
the temperature of the melt.

450"F 4700F 4900F 500"F

GE Pbetlcs

5000F

@

7

Participantrs Notes:

:STBI. ?51

Reducing Mechanical Heating

r Reduce Back Pressure
r Slow Screw Speed

. Reverse Temperature Profile
r Alter Screw Design

GEF4astfcs
.@

I

Ir-ur r7-sTFltoD 7-t2/w2 O Gatcr.l ELcttic CoopnT 1989

Participantts Notes:



Reversing the
temperature profile may

stabilize the temperature
of the melt.

AEtes" sGffi desigm"

Stabilizingthe Melt
Consequently, reversing the temperature prolile rnay actually stabi-

lize the temperature of the melt; providing the perfect combination

of electrical and mechanical heat energy. STK75f

R*&rssrlseg iVie rhaassa.m i Ei eweaaag

nf aii otlear snethods fon reducirag naecirareecali traeatizrg }:ave beeri
attempted. and failed, the converteE rnay have tG aiter the screw
design. STK752
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STK ?53

@
GE Pbstlcs

Screw Configuration
Terminology

Length of Screw (L)

Diametcr of
Screw (Df

F
Flight Depth
at metering

I Flight Depth
at feedLcad

Participant's Notes:

i.$TH ?5sl

Length Over Diameter (L/D)

o LID = thc lcngth of tbe screv divided by its diameter.
o A scrcw vith a diametcr of 2"5 in. and a length of SO in.

has aD LID of 20rI-.
. An L/D of 2O:l provides for adequate mixing and

residence time,

€E Flasttcs

Lcngth {Ll

Diameter (D)

7

Participantts Notes:

M-PlrA.0l 1 7-STIi+{OD 7-12 tB{tr{{ O Gcocrd Elcctric Coopany l9E!)

The dcsign of the screw will affect the
heating of the resin.

@



Screw configuration
terminology is important
to understand.

AnL/D of 20:l is
suggested.

Srau CorS.gration Tqmir*b g
The screw is crucial to *re injection Process and the design of the
screw greatly affects the mechanical heating of the resin- In order to
understand how the desigrr of the screw impacu mechanical heating,
it is important first to understand screw conligurarion terminology.

The reciprocating screw.has a tapered core that is narrower at the
feed section, where the plastic enters the barrel, and wider at the
meterin g section, where the plastic is accumulated for inj ection. This
kin d of taperin g is typical of an inj ection molding screw. The specific
dimensions of a screw can greatly affect the processing of a material-
A screw has several critical dimensions: length (L); diarneter (D);
flight depth (F); and lead (I). , ,

L is the length of the screw, from the first flight to the last. D is the
diarneter of the flighs of the screw. The screw's tapered core has

nothing to do with its diameter. F is the flight depth, or the distance
from the edge of a flight to the core of the screw. The flight depth is

therefore greater at the narrower feed section than at the wider
metering section of the screw. I is the lead, or *re distance benueen
*re flights of the screw. Screw designs vary by these dimensions. The
funportantdesign ratios to understand are L/D (Length over Diame-

ter) and the cornpression ratio. STK ?53

g#Wtge suer Wdetnster {E"{Wb

E /& etescribes the neiationship bemueen the trengtia of,the screw and

its diameter, and is ari important indication of material residence

time..It describes the length of the screw versus its diarneter. The

higher the L/D, the longer the screw is in relation to its diameter. A
high L/D means less mech,anical energy if the screw'is designed

correctly. A short L/D means less residence t!me, but may cause ex-

cessive mechanical heating. An L/D of 20:t is suggested to ensure

enough residence time for thorough mixing without adding exces-

sive mechanical energy.

srK 754
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STI( 755

@
GE Pbstlcs

Compression Ratio
Metcring ltansition Fcetl

. Coapression ratlo = tJrc lliElht depth at thc fced sectioD
divided by the flight depth at ttre metering scction.

. A reduction in chanael depth from .4 in. to .2 in"
yields a compri:ssion ratio of 2:1"

. A conprcssion ratio of 2:l is suggested to
providc adequate compression.

7

Participant's Notes:

@ GEFiastics

Understanding Heating,
Softening, and

Melting Polymers

7

Effir ?56j
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A 2:1 reduction in flight
depth from the feed to
the metering section will
provide adequate

compression without
excessive heating.

Sexrrarmary ae.d
Fert-orm.amce
Feedback

Comprasion Rntio
Thg compression ratio describes the relationship betr.rreen the feed

depth and the rneter depth of the screw. It indicates to what degree

the core of the screw is tapered by describing the flight depth at the

feed section versus the flight depth at the metering section The

compression ratio is an important indication of the degree to which

the plastic will be compressed as it is conveyed from the feed to the

;netering section of the screw.

The compression ratio describes the volumeuic transition of the

screw. If, for example, the compression ratio were 2:I, then the

volume of the material in the metering section is red.uced by one half
from the f,eed section. A high compression ratio such as 3:1 or 4:1,

may create excessive mechanical energy which could cause the

material to degrade. Therefore a compression ratio of 2:1 is sug-

gested to provide adequate compression. STK 755
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nt is important flor the converEeE es understand ttle sctence behind the

processing. tsy understanding how a polymer material responds to

heat energy, the converter can better anticipate its behavior and

make practical compensations and choices in his processing design.
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What is heat of fusion (meltirrg)
and does it relate to amorphous
or crystaltine polymers?

7

STK 757

Participant's Notes:

:GTK 7,6S

@
GEFlastics

Crystalline Melting
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Ilcat of fusion AH1 is thc amount of heat needed"to melt
a known amount of crystalline structure-
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What important therrnal transition
points does a heat capacity trace
define?
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Heat Capacity Tfaee
Amorphous

Glass llansltlon
Cryrstalllne

MelUng
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r Tlre enorphous heat capect$ trece polntc out the polyocrT6.
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What are some of the ways we can
attempt to control mechanical
heating?
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Controlling Mechanical Heating

o Reverse Tbmperature Profile
o Reduce Back Pressure
o Slow Screw Speed
o Alter Screw Design
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Module 8

Flowing and Forming Polymers

o ltrilhat Is Flou/l

. The Study of Flow

o Thermoplastic Processing
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Module 7

Prformance Feedback

1. Describe how amorphous and crystalline polymers respond differentiy to heat energy. Relate

these differences d.ue to structure to: thermal transition points, temperature range for
processing and amount of heat necessary for processing.

E" .F,or" a resi:n that velu are 'eurrem.dv workiaag'with: sdenti& the ther::'aai u'amsitioxa poimrs. dte

lecnBeraE'{trg 1?11g* for prccessa:ag ani the afExor}nu oiheat neeessan'Y i"c,:r urocessi.rag.

S" &escribe the effects of excessive heae.,

4. Identi$ four strategies to reduce mechanical heat.

5. When grr* an actual or hlpothetical situation of excessive mechanical heat, describe a

realistic approach for dealing with this problem.
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