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vCenni ai processi di trasformazione



I processi di trasformazione dei materiali plastici si distinguono in due principali categorie:

v Processi Continui (Estrusione e blow-moulding, calandratura)

v Processi Ciclici  (Stampaggio ad iniezione, stampaggio per compressione, termoformatura)

I processi di trasformazione: Introduzione



Estrusione

Processo continuo utilizzato per la produzione di prodotti con sezioni costanti:

v Lastre
v Tubi
v Tondini
v Fibre
v Film



Estrusione



Estrusione: parametri di processo



Fig. 16.2 Rappresentazione schematica di produzione di
film sottili e borse in plastica da un tubo prodotto da un
estrusore, e poi soffiato da aria compressa.

Estrusione



Blow-molding



Stampaggio ad Iniezione

Processo ciclico utile per la produzione di prodotti con geometrie complesse



Stampaggio ad Iniezione

Fusione del polimero
Iniezione

Forma del prodotto
Raffreddamento

Mobilità dello stampo
Eiezione del Prodotto



Stampaggio ad iniezione

1 Fase Fusione
Temperatura del fuso

v Tm del polimero
v Addittivi

2 Fase Iniezione
v Quantità di polimero
v Velocità di iniezione



Stampaggio ad iniezione

Shot size= Volume della cavità dello stampo + contrazione

Velocità di iniezione: velocità di iniezione troppo elevate portano al jetting



3 Fase 
Impaccamento/raffreddamento
v Pressione di iniezione
v Tempo di raffreddamento

4 Fase 
Eiezione
v Velocità del pin di eiezione

Stampaggio ad iniezione



Stampaggio ad iniezione

Parametri chiave

Temperatura del fuso
Volume iniettato

Temperatura dello stampo
Pressione di iniezione
Velocità di raffreddamento
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Figure 6.58 presents the sequence of events during the injection molding cycle. 
The figure shows that the cycle time is dominated by the cooling of the part inside 
the mold cavity. The total cycle time can be calculated using

 (6.27)

where the closing and ejection times, tclosing and tejection, can last from a fraction of 
second to a few seconds, depending on the size of the mold and machine. The cool-
ing times, which dominate the process, depend on the maximum thickness of the 
part. The cooling time for a plate-like part of thickness h can be estimated using
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and for a cylindrical geometry of diameter D using
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where Tm represents the temperature of the injected melt, Tw the temperature of the 
mold wall, TD the average temperature at ejection, and α  the thermal diffusivity.
Using the average part temperature history and the cavity pressure history, the pro-
cess can be followed and assessed using the p-v-T diagram, as depicted in Fig. 6.59 
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Figure 6.58 Injection molding cycle
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Figure 6.59 Trace of two different injection molding cycles in a p-v-T diagram

[32–33]. To follow the process on the p-v-T diagram, we must transfer both the 
temperature and the pressure at matching times. The diagram reveals four basic 
processes: an isothermal injection (0–1) with pressure rising to the holding pres-
sure (1–2), an isobaric cooling process during the holding cycle (2–3), an isochoric 
cooling a!er the gate freezes with a pressure drop to atmospheric (3–4), and then 
isobaric cooling to room temperature (4–5).
The point on the p-v-T diagram at which the final isobaric cooling begins (4) con-
trols the total part shrinkage, v∆ . This point is influenced by the two main pro-
cessing conditions – the melt temperature, Tm, and the holding pressure, PH, as 
can be clearly seen when raising the holding pressure. Of course, there is an 
infinite  combination of conditions that render acceptable parts, bound by mini-
mum and maximum temperatures and pressures. Figure 6.60 presents the mold-
ing diagram with all limiting conditions. The melt temperature is bound by a low 
temperature that results in a short shot or unfilled cavity and a high temperature 
that leads to material degradation. The hold pressure is bound by a low pressure 
that leads to excessive shrinkage or low part weight and a high pressure that 
causes flash.
Flash results when the cavity pressure force exceeds the machine clamping force, 
leading to melt flow across the mold parting line. The holding pressure determines 
the corresponding clamping force required to size the injection molding machine. 

CICLO DEL PROCESSO DI INIEZIONE: CURVE  P-V-T

0-1: iniezione isotermica
1-2: innalzamento della P alla P di mantenimento isotermico
2-3: raffreddamento isobarico
3-4: raffreddamento a V costante con caduta di P alla P amb
4-5: raffreddamento isobarico alla Tamb



Stampaggio ad iniezione: ritiri

Polimero
Volume 

specifico vs T

Prima della 
trasformazione
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tramoggia
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riscaldamento
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Stampaggio ad iniezione: ritiri

ALTE PRESSIONI -> PICCOLE CONTRAZIONI
BASSE PRESSIONI -> ELEVATE CONTRAZIONI

u I POLIMERI SEMICRISTALLINI SI CONTRAGGONO DI PIU’ DEI POLIMERI AMORFI
A PARITA’ DI PRESSIONE DI PROCESSO



DURNATE IL PROCESSO DI INIEZIONE LE MACROMOLECOLE DEL FUSO POLIMERICO 
TENDONO AD ORIENTARSI SECONDO LA DIREZIONE DEL FLUSSO

QUESTO DA’ LUOGO AD UN RITIRO PIU’ PRONUNCIATO NELLA DIREZIONE DEL FLUSSO

Direzione Del Flusso

Distorsione calcolata usando il Software SigmaSoft:
distribuzione reale delle T dello stampo (fonte: M. Proske, Plastics Technology,  Marzo 2015)

Stampaggio ad iniezione: ritiri e stress indotti da ritiro differenziale



RINFORZO FIBROSO: TENDE AD ALLINEARSI NELLA DIREZIONE DEL FLUSSO

RITIRO PIU’ PRONUNCIATO NELLA DIREZIONE ORTOGONALE AL FLUSSO

RINFORZO PARTICELLARE: RITIRO OMOGENEO NELLE TRE DIREZIONI

I rinforzi vengono utilizzati per: 
• Impartire proprieta’ specifiche (es. Rigidezza, resistenza all’urto, resistenza alla 

fiamma ecc.) 
• Ridurre il costo del materiale

Si distinguono due tipologie di rinforzi:
1. FIBROSI (FIBRE DI C, ARAMIDICHE, VETROSE ecc.)
2. PARTICELLARI (mica, talco, CaCo3, argille)

Stampaggio ad iniezione: ritiri e stress indotti da ritiro differenziale



Origine degli stress nei prodotti stampati ad iniezione

v STRESS INDOTTI DAL FLUSSO

v STRESS INDOTTI DAI GRADIENTI TERMICI

uGLI EFFETTI DEGLI STRESS SONO RILEVABILI NELLA FORMA FINALE DEL MANUFATTO,
NELLA MORFOLOGIA DEL POLIMERO (es. cristallizzazione indotta dal flusso)
E NELLA RISPOSTA MECCANICA DEL PRODOTTO FINITO

uAL MOMENTO NON ESISTE UN MODELLO IN GRADO DI PREDIRE GLI STRESS 
INDOTTI DAL CICLO DI STAMPAGGIO IN MANIERA UNIVOCA

uNECESSITA’ DI SVILUPPARE SOFTWARE PIU’ ACCURATI E STUDI SPECIFICI SU STAMPI 
OPPORTUAMENTE PROGETTATI DOTATI DI SENSORI DI P E T



Jansen et al. [37] found a similar behavior when mold-

ing plates at different packing pressures. They reported that
as the packing pressure was increased, the plate started

warping toward the opposite direction. This is, at low

packing pressures it warped toward the hot side, as the
pressure was increased, warpage was reduced, but as the

packing pressure continued to increase, warpage increased

toward the cold side. As residual stresses originate war-
page, this change in warpage behavior must be related to a

change in the residual stress distribution. Since the pressure
is not uniform along the flow path during injection molding

(it is higher at the gate and it decreases along the flow

path), all three cases can be present in a single component,
resulting in different residual stress distributions. There-

fore, it is important to be able to predict or monitor the

temperature and pressure history during the complete
injection molding cycle, which are known as temperature

and pressure profiles.

Flow-induced stresses models

The three-dimensional governing equations of the non-
isothermal flow of viscoelastic fluids are [6]

(1) Continuity equation:
_.
.þr~ " t~¼ 0, where . represents the density, and

r~ " t~ is the divergence of the velocity field.

(2) Momentum equation:

r~ " rþ .f~¼ . _t~, where r is the Cauchy stress tensor

and f~ is the body force per unit mass.
(3) Energy equation:

. _e ¼ r : D$r~ " h~þ .r, where e is the specific

internal energy, D is the rate of strain tensor, h~ the

heat flux, and r is an internal heat source.

To solve these governing equations, constitutive equa-

tions for ., r, e, h~, and r must be given.

During the last decades, different approaches to the

problem have been developed. Table 1 summarizes some
of the most important studies developed in this area. It is

observed that a great amount of this work has been based

on Leonov viscoelastic constitutive equation [38], where
irreversible thermodynamics are used for constructing the

rheological equations capable of describing the behavior of

polymer melts in a range of large elastic strains. It is also
observed that, depending on the processing conditions,

reported values of residual stresses are approximately up to
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Fig. 1 Flow-induced stresses
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Stampaggio ad iniezione: Stress indotti dal flusso



Stampaggio ad iniezione: STRESS TERMICI

!

LO STUDIO DEGLI STRESS INDOTTI TERMICAMENTE NEI POLIMERI TP, 
TRAE ORIGINE DAGLI STUDI FATTI SUI VETRI INORGANICI

TEMPRA TERMICA DEL VETRO PIANO

Stress indotti al 
raffreddamento da T>Tg



t = t4: Packing stage finishes, pressure is set to zero;
stress in the melt disappears, and the stress levels increase

by Dr (Fig. 3d).

t = t5: Mold is opened, product is released from the
mold; further cooling sets tensile stresses in the core, which

are in equilibrium with the rest of the specimen. At the end

of this interval, a tensile-skin, compressive-subskin, and
tensile-core distribution are obtained, which have been

reported by several authors [33, 35, 84–86] (Fig. 3e).

Thermally induced stresses models

Initially, most of the models developed to predict residual

stresses or warpage of plastic parts assumed a linear ther-

moelastic behavior in which the conservations of momen-
tum and energy equations are similar to those presented in

‘‘Flow-induced stresses models’’ Section with the Cauchy

stress tensor, commonly decomposed into a hydrostatic
part p, and a deviatoric part rd is determined by [5]

r ¼ pI þ rd;

where I is the identity tensor,

p ¼
Z t

0

a
j

T # i

j
trD

! "
ds;

rd ¼ 2

Z t

0

G n tð Þ; nðsÞð ÞD sð Þds; and

n tð Þ ¼
Z t

0

1

aT
ds;

where a is the coefficient of thermal expansion, j the

coefficient of compressibility, G(t,s) is the shear relaxation
modulus, n is the reduced time, and aT is the shift factor of

the time–temperature superposition principle.

For the free or unconstrained quenching, r & n ¼ 0:
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Stampaggio ad iniezione: Stress termici



Stampaggio ad iniezione: Coiniezione



Calandratura


