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Abstract. Shear heating phenomena during injection molding of rubber compounds greatly affect product quality but are
difficult to control and replicate with laboratory tests. In this work, a very fast online process control of industrial injection
molding is proposed, based on the measurement of surface temperature by infrared thermal camera of the rubber as it leaves
the extruder barrel. Moreover, a new technological parameter (shear heating parameter, nsy) is calculated from the measured
temperature. A robust correlation between nsy and viscosity from rheometric laboratory measurements was achieved for
different rubber compounds. This represents an operating roadmap to support the process engineer in the improvement of
process control. To show the potential of this tool, it was successfully used to optimize the injection molding of industrial
production of AEM rubber compound affected by scorching and thermal degradation issues. ngy was found to be suitable
for industrial practice and able to provide accurate information about thermal history and process safety.
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1. Introduction

Nowadays, the automotive industry requires rubber
parts of very high quality. Therefore, it is advisable to
improve control of the injection molding process, es-
pecially in the machine. Injection molding is one of
the most commonly used rubber processing technolo-
gies enabling the manufacture of final products [1].
The quality of the final product is the result of a com-
bination of factors, including the rubber, mold design,
the process, and injection molding machine capabil-
ity. Consequently, rubber processing by injection
molding is very complex and influenced by several
parameters, such as temperature, pressure, and shear
rate. One of the most important control parameters is
temperature. Even though the mold temperature is
very easy to control by using thermocouples or other
in-mold sensors, on the contrary, the rubber temper-
ature is very difficult to control because it varies
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according to parameters such as injection pressure,
injection speed and screw rotation speed. In partic-
ular, the rubber temperature is not only critical for
the curing stage but also for the filling stage. If the
rubber temperature increases too much, it can start
to cure during cavity filling, which can generate de-
fects in the molded parts with possible elongation
decrease because the cure progressed too quickly,
causing scorch [2]. On the other hand, if the curing
reaction occurs while rubber is flowing, viscosity in-
creases sharply, and flow will virtually stop, so that
some areas of the mold may not fill properly. There-
fore, the mold cavity should be filled completely with
rubber before curing commences [2, 3]. Neverthe-
less, it will be important to guarantee a suitable rub-
ber temperature, a compromise between scorch safe-
ty and cure commencing, to improve the cycle time
and productivity. When rubber flows too fast into one
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specific cavity, faster than the cavity immediately
beside it, there is a shear rate difference. The higher
the shear rate, the greater the shear heating and the
larger the effect on viscosity. The problem is that the
viscosity is not affected uniformly everywhere, but
it is only affected in the material at the higher shear
rate, whereas the lower viscosity rubber flows more
easily under pressure and a filling imbalance is cre-
ated [2]. Other molding problems due to rubber tem-
perature being too high are mold fouling and sticking
phenomena, mainly due to diffusion of rubber com-
pound ingredients [4].

Furthermore, the shrinkage in the parallel direction
is larger than in the perpendicular direction, and
anisotropic shrinkage increases with the increase of
vulcanization temperature and flow distance. The
shrinkage is independent of the ‘expanded orienta-
tion’ (i.e., macromolecular orientation due to mate-
rial thermal expansion and perpendicular to rubber
flow), but is strongly associated with the shear ori-
entation, while the mechanical properties are affect-
ed by the expanded orientation [5].

Three main sources of heat can increase the rubber
temperature in the injection molding process: the
heating system of the machine, the exothermal cur-
ing reaction, and shear heating. The last factor is a
phenomenon where internal friction within the rub-
ber, while it is flowing, generates heat and locally
reduces the viscosity [1-12]. This phenomenon is
often present in the industrial processing of rubbers
and, although it is advantageous to increase the tem-
perature of the rubber by saving energy, it compli-
cates the control of the temperature and also of the
viscosity [4].

In this article, the processing behavior of ethylene
acrylate rubber (AEM) by injection molding is in-
vestigated, with a focus on scorch and thermal degra-
dation issues. Ethylene acrylate elastomers were first
introduced to the market more than 40 years ago.
They are non-crystalline copolymers of ethylene and
methyl acrylate. Both monomers are responsible for
giving high-temperature stability and the completely
saturated polymer chains that impart excellent resist-
ance to ozone, oxidation, and weathering. The non-
polar ethylene contributes to the good low-tempera-
ture flexibility. Most of the polymer grades contain
a small amount of acidic cure site monomer for di-
amine crosslinking, while the polar methyl acrylate
monomer provides the oil and fluid resistance. Since
its introduction by DuPont under the trade name
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Vamac® in 1975, it has been used in the automotive
industry, in particular, for example, for turbocharger
hoses, transmission oil cooler hoses, positive
crankcase ventilation hoses, and exhaust gas recov-
ery hoses. Furthermore, AEM is a suitable material
for seals and gaskets for automatic transmissions and
engines [13-16].

A high percentage of AEM parts used in the automo-
tive industry are made from AEM terpolymer com-
pounds cured with diamines. As reported in literature
works by McBride from DuPont [13—-15], these com-
pounds are more prone to scorch than most elas-
tomeric compounds; thus, suitable process control
has to be provided in order to prevent it. The diamine
curative reacts with the cure site monomer in a two-
step curing process: the first step involves the for-
mation of an amide (relatively fast step, which oc-
curs in the mold); the second step involves the
conversion of the amide to an imide (this reaction is
slow and requires a long post-cure step to finish the
cure, usually 4 hours at 175 °C). After the injection
molding process, the part has dimensional stability,
but the compression set is high (70 to 90% after one
week at 150°C), and the hardness and modulus are
relatively low. The post-cure stage increases the
hardness until the required specification is met, and
the compression set drops to about 20-30%.

The first step is the source of the scorch. Scorch is-
sues can cause molding problems such as underfill-
ing the mold cavity and problems at knit lines, which
necessitate extra processing aids to lower viscosity.
Scorch reactions are a function of time and temper-
ature, and they become an issue for AEM com-
pounds at temperatures above 100 °C. Therefore, for
AEM compounds, the processing temperatures (mix-
ing, molding and/or extrusion) should be kept under
100°C [13—15], which is very difficult to maintain,
for instance, in the injection molding machine ex-
truder due to shear heating. However, as the temper-
ature further increases, there will be a point at which
the viscosity starts to increase due to the scorching
of the compound. Furthermore, in the worst cases, if
the rubber temperature increases too much due to
higher shear rates, thermal degradation by loss of
plasticizer and processing aids can start.

An optimal rubber temperature must ensure a bal-
ance between not having excessively high viscosity,
scorch safety, and thermal degradation. The actual
rubber temperature in an injection molding machine,
mostly generated by shear heating, is very difficult
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to replicate in the laboratory by typical instruments
such as a moving die rheometer (MDR), because the
MDR does not reproduce properly the physical
process occurring in the injection stage of the mold-
ing machine extruder. The shear heating generated
inside the injection molding machine extruder de-
pends on the screw length to diameter ratio /D, and
mostly on the process parameter setup, such as screw
rotation speed, injection pressure, speed and time,
barrel temperature setup and other factors [4, 17].
This work puts forward an approach to improve the
control of industrial injection molding of technical
rubber parts based on the measurement of rubber
temperature. The approach is based on very fast on-
line process control, which is suggested in order to
be used in industrial practice, and consists of the di-
rect measurement of rubber surface temperature
(Tsp) by the infrared thermal camera at the nozzle
outlet of the injection molding machine extruder. Al-
though the temperature of the rubber leaving the ex-
truder is not homogeneous, it can be more conserva-
tive in measuring the rubber temperature on the
surface where the temperature is higher (according
to shear-thinning theory) [3]. The use of an infrared
thermal camera does not disturb the rubber flow and
is a noncontact method characterized by a very fast
response [4, 11, 18-20]. The measured rubber shear
heating temperature (7sy) is then used to calculate a
technological parameter designated shear heating pa-
rameter and labeled ngy. The results of ngy were
compared with minimum torque, M, from MDR
routine rheometric laboratory measurements for
eight different industrial rubber compounds, based
on AEM, hydrogenated acrylonitrile butadiene rub-
ber (HNBR), fluorocarbon rubber (FKM) and ethyl-
ene-propylene-diene monomer rubber (EP(D)M).
The measured My value is a rough indication of the
rubber compound viscosity; hence variations of M
affect the rubber processability. Instead, the calcu-
lated ngy value combines both rubber composition
and operating condition effects, giving more infor-
mation about the thermal history of the rubber injec-
tion stage and process safety [4].

A robust correlation between ngy and My, labeled
roadmap, was sought and is shown in this work by
considering various rubber compounds having dif-
ferent elastomeric matrices, AEM, HNBR, FKM, and
EP(D)M, different geometries of the molded parts
(both O-rings and technical rubber items), and also
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different injection molding machines and process
parameter setups. This heterogeneous pattern of rub-
ber compounds was chosen to develop a phenome-
nological approach based on a robust roadmap, with
the purpose of supporting the process engineer in the
improvement of process control by thermal online
measurements [4, 11, 21-23]. To show its potential,
this work shows how this roadmap can be success-
fully used to improve the process control of AEM
rubber compound industrial production affected by
scorch problems and thermal degradation due to
plasticizer loss [24].

2. Theoretical background
Starting from the online measured shear heating tem-
perature (7sy) of the rubber, the shear heating pa-
rameter, sy, is calculated according to the Equa-
tion (1) [4]:

PG,

Nsu = Alsy 7, O (1
where ATsy [°C] is the temperature difference be-
tween Tsy and the initial temperature (considering
20°C as initial temperature), p is the rubber density
[kg/m?®], C, is the specific heat capacity [J/kg/K],
v [s7!] is a flow rate parameter, and a is a function
of process parameters such as D/L, screw rotation
speed, injection pressure, speed and time, barrel tem-
perature setup and other factors. Due to the complex-
ity of the injection molding process, a thorough in-
vestigation needs to be performed to define o and its
dependence on the process parameters. However, in
this work, o is approximated as equal to D/L because,
according to experimental data (not yet published),
it is one of the most relevant factors contributing to
shear heating during the injection stage. Therefore,
NsH 1 a technological parameter having dimensions
of viscosity [Pa-s] [4].

Equation (1) is inspired by the equation reported
below, where the temperature rise (A7, [K]) due to
shear heating of rubber in an extruder is related to
rubber viscosity [4, 6] (Equation (2)):
4yL

AT:anpD

(2)
Equation (2) is derived for a simple cylindrical
channel, a tube with dimensions L (length) and D
(diameter), where a Newtonian fluid is flowing with
a stationary laminar flow with y as wall shear rate,
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therefore, assumptions such as no wall slip, Newton-
ian fluid, and adiabatic flow (no heat transfer to the
surroundings) were considered [8].

The authors are aware that most of these assump-
tions do not apply to rubber. Nevertheless, they were
inspired by Equation (2) to derive the technological
parameter nsy in Equation (1), which is proposed
with the purpose of providing a suitable process pa-
rameter setup during the injection phase [4].

3. Experimental

Eight different rubber compounds were investigated:
two EP(D)Ms, one sulfur and one peroxide cured,
three AEM rubbers, all diamine cured, two HNBR,
both diamines cured, and one FKM, peroxide cured.
These industrial-grade rubber compounds were de-
veloped in accordance with automotive industry
standard specifications, and their formulations can-
not be disclosed for confidentiality reasons. They are
characterized by 60+5 Shore A hardness according
to ASTM D2240-15, and by a filler type and content
according to available International Material Data
System (IMDS) data, as reported in Table 1. The
black filler was usually carbon black type N 990.
Black and white filled rubber compounds were char-
acterized by both laboratory tests and processing in-
jection trials in the molding machine during daily
production runs.

3.1. Materials

The eight rubber compounds investigated were the

following:

» PO-EPDM-black: peroxide cured and black col-
ored EP(D)M,

» S-EPDM-black: sulfur cured and black colored
EP(D)M,

» Two types of DIA-AEM-black: diamine cured and
black colored AEM,

Table 1. Filler content according to IMDS data.

Rubber gi:)‘i‘e‘i? Fi"e[r; t‘:’;"]‘te“t Filler type
PO-EPDM-Black 60+5 28.0-33.0 |Carbon black
S-EPDM-Black 60+5 26.3-33.5 | Carbon black
DIA-AEM-Black 60+5 40.046.0 | Carbon black
DIA-AEM-Black 60+5 35.0-45.0 |Carbon black
DIA-AEM-Brown 60+5 38.0-46.0 |Silicon dioxide
DIA-HNBR-Black 60+5 44.5-48.5 | Carbon black
DIA-HNBR-Red 60+5 40.0-48.0 | Calcined kaolin
PO-FKM-Green 60+5 18.0-23.0 | Barium sulfate

* DIA-AEM-brown: diamine cured and brown col-
ored AEM,

* DIA-HNBR-black: diamine cured and black col-
ored HNBR,

* DIA-HNBR-red: diamine cured and red-colored
HNBR,

» PO-FKM-green: peroxide cured and green-colored
FKM.

3.2. Laboratory characterization

The eight rubber compounds were characterized by
using uncured and cured standard samples and the
equipment located in the R&D laboratory of ltalian
Gasket (Italian plant). The laboratory results collect-
ed for each rubber compound were used to calculate
the corresponding shear heating parameter (nsg) by
Equation (1), then correlated with minimum torque
M; results.

The uncured samples were used to measure the min-
imum torque M| data by an MDR 2000 from Alpha
Technologies (Cinisello Balsamo, MI — Italy).ac-
cording to ASTM D5289-95 at a frequency of 1.7 Hz
and 3° oscillation amplitude. The vulcanization curve
of each rubber compound was measured for 12 min-
utes at 177 °C because this is a historical and well-
established internal methodology. The Monsanto
MDR usually has 350 °F as the test temperature, cor-
responding to 177 °C. Moreover, this temperature can
be easily reached in an injection molding machine
to achieve the cure of a rubber compound.

A laboratory compression molding press from Gibi-
tre Instruments Srl (Bergamo, BG — Italy) was used
to mold 200%200%2 mm slabs. After 24 hours of sta-
bilization, the cured standard samples were used for
density (p) measurements, performed at room tem-
perature, by a digital densimeter from Doss (For Lab
Italia, Stezzano, BG — Italy) (accuracy: 0.001 g) in
accordance with ASTM D297-15. The density value
to be used for Equation (1) should be measured at
the temperature and pressure in the injection mold-
ing machine extruder. However, to use an applicable
industrial method, the density at room temperature
and pressure was considered to be a reasonable ap-
proximation of density at higher temperature and
pressure. This approximation is supported by the
rubber material data reported in the CAE simulation
software database, where a typical density variation
is 5% with temperature increase from R7 to 100°C
and pressure increase from 0 to 200 MPa.
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Moreover, the cured samples were used for specific
heat capacity (C,) measurements by differential
scanning calorimetry (DSC) in a 214 Polyma from
NETZSCH Geraetebau GmbH (Selb — Germany).
The C, results were recorded from 45 to 245 °C with
a heating rate of 20 °C/min and referring to ASTM
E1269-11(2018).

DSC was also used to measure the T, of AEM parts,
both OK and KO (cracked), recording the first and
the second heating from —80 to 40 °C with a heating
rate of 10 °C/min and referring to ASTM D3418-21.
AEM parts, both OK and KO (cracked), were used
to qualitatively analyze their specific IR absorption
frequencies by total reflection-Fourier transform in-
frared (ATR-FTIR) spectroscopy, using an ALPHA
IT FT-IR spectrometer from Bruker Italia Srl (Mi-
lano, MI — Italy) equipped with a Ge ATR crystal. The
sample measurements were run at a resolution of
4 cm™! and applied 24 scans from 400 to 4000 cm™.
Furthermore, AEM parts, both OK and KO (cracked),
were used to quantitatively analyze their composi-
tion (e.g., elastomers, plasticizers, and fillers) by
thermogravimetric analysis (TGA), using a TG 209
F3 Tarsus® from Netzsch Geraetebau GmbH (Selb
— Germany). The sample measurements were run in
an N, atmosphere heating from RT to 600°C at
20 °C/min, cooling from 600 to 400°C at 40 °C/min,
holding for 2 minutes at 400 °C, then heating from
600 to 850 °C at 20 °C/min in an oxygen atmosphere
and holding for 5 minutes at 850 °C.

3.3. Processing characterization

The processing injection tests were performed using
horizontal injection molding machines located in the
Italian plant of /talian Gasket. Five horizontal injection

Temperature [°C]

Ly

]

molding machines were selected for the processing
investigation.

A 190 Ton MIR from /MG Srl (Capriano del Colle,
BS — Italy) with reciprocating screw, L/D ratio of
about 15, was used to produce sealing rings based
on DIA-AEM-brown. A 190 Ton MIR with recipro-
cating screw, L/D ratio of about 16, was used to pro-
duce technical rubber items based on DIA-AEM-
black. Another 190 Ton MIR with reciprocating
screw, L/D ratio of about 18, was used to produce in-
take manifold gaskets based on DIA-HNBR-black
and DIA-HNBR-red.

A 300 Ton Engel from Engel Austria GmbH (Schwert-
berg — Austria), with First In First Out (FIFO) screw,
L/D ratio of about 6, was used to produce O-rings
based on another DIA-AEM-black, and two different
frame gaskets based on PO-EPDM-black and PO-
FKM-green, respectively.

A 450 Ton IMG from IMG Srl (Capriano del Colle,
BS — Italy), with FIFO screw, L/D ratio of about 12,
was used to produce bellows based on S-EPDM-
black.

Daily production runs of each rubber compound
were investigated and, after the start-up stage, the
thermal control tests were performed. Figure 1 shows
the online monitoring scheme of rubber surface tem-
perature control.

The thermal measurement for each rubber com-
pound and respective production run was performed
every hour, three measures at each time, in order to
control the shear heating effect during the injection
stage. A thermal imaging camera, Diacam C.A 1882,
Chauvin Arnoux Group (Asniéres-sur-Seine — France)
(£2°C accuracy and 0.08 °C thermal sensitivity),
was used to control rubber surface temperature at the

Thermal camera

1 Barrel
—
I Nozzle

<«——— Rubber feeding

L

Rubber purging

Movable and fixed plates

Figure 1. Online monitoring scheme of rubber surface temperature control.
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screw nozzle outlet of the injection molding machine
extruder. The infrared thermal camera was used to
measure the temperature of the rubber by detecting
the emitted electromagnetic radiation. The rubber
emissivity was set to 0.95 in accordance with the
software material database, and image analysis was
provided by the software tools. The advantage of
using a commercial brand is to improve the avail-
ability of the technology in the rubber industry.

The molded parts, after stabilization, deburring, post-
cure (if required), and final controls were used as
gaskets in the automotive industry.

4. Results and discussion

Table 2 reports the setup of the most important
process parameters and the summary of average ex-
perimental data from both laboratory and injection
molding process characterizations for each rubber
compound investigated and their respective daily
production runs (average data).

Therefore, eight rubber compounds and eight indus-
trial production runs with long process stability,
without significant deviations of set parameters and
with very little scrap were investigated. Table 2 also
reports the results of the investigation of various pro-
duction runs of DIA-AEM-black: both a very stable
production run and an unstable production run are
reported, designated DIA-AEM-black-OK and DIA-
AEM-black-KO, respectively. In addition, the inter-
mediate production runs necessary to restore the
process stability are reported and designated DIA-
AEM-black-INT1 and DIA-AEM-black-INT2, re-
spectively.

Process parameter setup common to all the systems
investigated was: injection speed of 70%, the screw
rotation speed of 80 rpm, injection time of 10 s, cure
time of 85 s, barrel temperature of 7545 °C, and both
fixed and movable plate temperature of 195+5 °C.
L/p ratio of the five injection molding machines used
for the processing trials and barrel temperature setup
(Tgarre) are reported in Table 2 for each system. About
laboratory characterization, the data of density (p),
specific heat capacity (C,), and minimum torque
(M) at 177°C are reported. Finally, the processing
characterization data, such as measured shear heat-
ing temperature (7sy) of the rubber by infrared ther-
mal camera, the temperature difference in shear heat-
ing (ATsy) considering 20 °C as initial temperature,
and the calculated shear heating parameter (nsy) on
a logarithmic scale is reported. The shear heating
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Table 2. Process parameters setup and experimental data.

DIA-AEM-

1243+1

293144
0.40+0.01

16
75.0
115.0£3.0

95.0
5.37-10°

5.73

DIA-AEM-

1243+1
30754

0.40+0.01

16
75.0
162.0+3.0

142.0
8.43-10°

5.93

DIA-AEM-

1243+1

3255+4
0.40+0.01

16
75.0
223.0+3.0

203.0

1.28-10°

6.11

black-KO?*" | black-INT1?¢ | black-INT224 | black-OK?*¢

DIA-AEM-

1243+1

3290+4
0.40+0.01

16
75.0
235.0+£3.0

215.0
1.37-10°

6.14

PO-FKM-
green

2029+1

1345+2
0.69+0.02

80.0
110.0£2.5

90.0
1.06-10°

6.02

red
1331+1

277043

0.47+0.04

18
75.0
132.0+3.0

112.0
5.77-10°

5.76

black
127342

DIA-HNBR- | DIA-HNBR-
3240+3

0.58+0.02

18
75.0
136.0+2.5

116.0
6.69-10°

5.83

DIA-AEM-
brown

1389+2
145943
0.38+0.02

15
75.0
125.0+2.5

105.0
3.64-10°

5.56

DIA-AEM-
black

1267+1

2930+3
1.24+0.01

80.0
114.0£2.5

94.0
1.50-10°

6.18

S-EPDM-
black
1140+1
4150+3
0.93+0.02

12
70.0
155.0+3.0

135.0
1.31-10°

6.12

PO-EPDM-
black
1090+1

4180+2
1.40+0.02

95.0
105.0+2.5

85.0
1.67-10°

6.22

Rubber

[kg/m’]

[J/kg/°C]

[dN'm]

Cp at Tsy

My at 177°C

L/D

[°C]
[°C]
[°C]

T Barrel
Tsu

ATsy

[Pa-s]

Nsu at 10 s and ATy

Lognsy at 10 s and ATsy

80 rpm, injection time = 10 s, curing time = 85 s, barrel temperature = 75+5 °C and both fixed

70%; screw speed rotation =

aMIR 190 tons injection molding machine, process parameter setup: injection speed

and movable plate temperature = 195+5 °C.

®Tnjection pressure = 140 bar.

“Injection pressure = 100 bar.

dInjection pressure = 80 bar.

“Injection pressure = 70 bar



M. Ramini et al. — Express Polymer Letters Vol.16, No.4 (2022) 354-367

parameter was calculated using Equation (1), where
the flow rate parameter v [s™'] is directly related to
shear rate. Therefore, a conventional value of flow
rate of 10 s~! was chosen based on the commonly
achievable order of magnitude of shear rate in the
plasticizing extruder of the injection molding ma-
chine.

Figure 2 shows the curing curve for each rubber
compound performed for 12 minutes at 177 °C by
MDR according to ASTM D5289-95. The My values
reported in Table 2 were obtained from these curves
as the minimum torque values reached after the ini-
tial transient stage. It is worth pointing out that cur-
ing curves show large differences among rubber
compounds in terms of rheological and curing be-
havior. Once again, this heterogeneity is intention-
ally sought to develop a robust correlation (the
roadmap) with a phenomenological approach.

The curing curves were measured on standard sam-
ples collected from the same rubber compounds used
for the processing investigation. Furthermore, the se-
lected rubber compounds were fresh material within
their shelf life, where the measured M| and the cal-
culated shear heating parameter are subject to negli-
gible variation.

Figure 3 shows an example of the thermal images
taken of the rubber as it emerged from the recipro-
cating screw nozzle outlet, from which Tsy values
reported in Table 2 were obtained.

27.0 T T T T
1. Green curve: PO-FKM Green (M, = 0.69)
2. Grey curve: PO-EPDM (M, = 1.40)
24.0f 3. Dark grey curve: S-EPDMLBIack(ML =0.93)
’ 4. Fuchsia curve: DIA-AEM Black (M = 1.24)
5. Black curve: DIA-HNBR Black (M, = 0.58)
6. Red curve: DIA-HNBR Red (M, =0.47)
21.0 7. Blue curve: DIA-AEM Black (M = 0.40) E—
8. Brown curve: DIA-AEM Brown '(ML= 0.38) -
18.0 ~
1
~ 5
15.0 —<
E /
z / Z
o 120 ;
© / , /
3
g /
o
= 90 / 7 / 9
6.0 : ]
3 8
3.0
.00 1.00 2.00 3.00 4.00 5.00
Time [min]

Figure 2. Vulcanization curves performed for 12 minutes at
177°C by MDR.

360

DIA-AEM-black-KO part

&
;\\ Reciprocating
‘\\L screw nozzle
3

DIA-AEM
rubber temperature
T, = +235°C

Figure 3. Image of KO run for DIA-AEM black rubber
emerging from the reciprocating screw nozzle
outlet.

In order to use the lognsy parameter as a tool for im-
provement of process control, data from different
rubber compounds and production runs were com-
pared and correlated with My values, thus obtaining
a common correlation, a sort of roadmap.

Figure 4 shows the relationship between lognsy at
10 s7' and M; from 12 min at 177°C by MDR, giv-
ing a comparison between the eight rubber com-
pounds investigated and the eight industrial produc-
tion runs with long process stability without the rel-
evant quality issue of final parts, including the DIA-
AEM-black-OK run.

A proportional trend was observed with R? of 0.935
according to a power regression law. Therefore, a
good correlation was established between the results
of the laboratory test, M, and the technological pa-
rameter (nsy). The advantage of also monitoring the
Nsu parameter is that it takes into account both rub-
ber composition effects and the effect of operating
conditions, thus providing information about the ther-
mal history of the rubber injection and process safe-
ty. A similar correlation curve was previously shown
by the authors [4] for three rubber systems (PO-
FKM-green, PO-EPDM-black, and S-EPDM-black).
In the present work, the previous investigation was
extended, and further rubber systems were investigat-
ed to obtain the correlation in Figure 4. The existence
of such a correlation is, therefore, confirmed and
strengthened by the new data. The eight industrial pro-
duction runs investigated in this work are character-
ized by different injection molding machines, differ-
ent molded part geometries, and by very stable pro-
duction runs, with very little scrap after molded part
stabilization, deburring and post-cure. Therefore, the
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Figure 4. Relationship between shear heating parameter at 10 s~! and minimum torque M, comparison between 8 rubbers

and 8 production runs having long process stability.

values of lognsy and M| represent the reference
points to achieve a robust correlation with the mold-
ing function to support, by an operating roadmap,
the process engineer and plant operator in the im-
provement of the process control by online thermal
measurements.

With the aim of showing the industrial application
of this roadmap as a ‘calibration curve’ for the fast
control of successful setting up of process parame-
ters, the process optimization of AEM rubber parts
affected by scorch problems and thermal degradation
due to plasticizer loss is reported as follows.

The image in Figure 3 was taken during a DIA-
AEM-black-KO production run, in which about
450000 parts were produced. This production run
was chosen as a case study for this work to show
how the proposed approach helps to improve the
process control of rubber injection molding. An av-
erage rubber surface temperature of 235°C was
measured during the daily process control and, after
injection molding, stabilization, deburring, and post-
cure of 4 hours at 175 °C, some surface cracked parts
were obtained (8 cracked parts/1000 sampled parts).
These AEM cracked parts were detected during the
automatic sorting control, and they are characterized
by IRHD M hardness values of 25-30 points higher
than the required level, thus very out of specification.
Furthermore, AEM hardened parts (12 hardened
parts/1000 sampled parts) were detected, character-
ized by both hardness and compression-set values
out of the required specification, even if less than the
cracked parts. From laboratory characterization of
both cracked parts and in-specification parts, cracked
parts clearly showed higher hardness (+30 IRHD M
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points) than the standard, higher 7, (+9 °C) from dif-
ferential scanning calorimetry (see Table 4), and plas-
ticizer loss from thermogravimetric analysis (TGA)
and attenuated total reflection-Fourier transform in-
frared (ATR-FTIR) spectroscopy.

Figure 5 shows qualitative information of the ATR-
FTIR spectra comparison between DIA-AEM-black-
OK and DIA-AEM-black-KO parts. The black spec-
trum shows the main absorption frequencies of the
OK AEM rubber, while the red spectrum shows in-
tensity reduction of the absorption frequencies of
KO AEM rubber with the change of some peaks,
mainly in the fingerprint region (from about 1500 to
500 cm™!). This spectral comparison indicates a very
large variation of the sample composition, then
quantitatively confirmed by TGA.

Figure 6a and 6b show the TGA plots of DIA-AEM-
black-OK and DIA-AEM-black-KO parts, respec-
tively. Figure 6a shows a plasticizer content of about
4.71 wt%, while Figure 6b shows the absence of
plasticizer, demonstrating plasticizer loss in the final
parts.

During the injection molding, the rubber flow is lam-
inar according to shear-thinning theory; thus a rele-
vant shear rate can produce a high shear heating ef-
fect and, as a consequence, the rubber surface tem-
perature (7sy) increases. Therefore, it is hypothe-
sized that plasticizer diffusion and evaporation start-
ed during the injection stage, caused by excessive
shear heating measured at the reciprocating screw
nozzle outlet, Tsy = 235°C (Figure 3).

From preliminary process parameter fine-tuning
performed on injection speed, screw rotation speed,
and barrel temperature, it was verified that injection
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Figure 5. ATR-FTIR spectra comparison between DIA-AEM-black-OK part (black) and DIA-AEM-black-KO part (red).
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Figure 6. a) TGA plot of DIA-AEM-black-OK part. b) TGA plot of DIA-AEM-black-KO part.

pressure is the process parameter that mostly re-
duced this excessive shear heating.

Table 3 reports the investigated injection pressure
setup (P;) for DIA-AEM-black production runs.

Each selected injection pressure setup was main-
tained constant for the whole production lot of about
450 000 parts. Four production runs were investigat-
ed: KO run, INT1 run, INT2 run and OK run, where
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Table 3. Injection pressure setup for DIA-AEM-black pro-
duction runs.

DIA-AEM-black Production run[ Iir;J;.e]ction pressure®
KO run 140
INTI run 100
INT2 run 80
OK run 70

MIR 190 tons injection molding machine process parameter setup:
injection speed = 70%; screw rotation speed = 80 rpm, injection
time = 10 s, cure time = 85 s, barrel temperature = 75 °C and both
fixed and movable plate temperature = 195 °C.

the process parameters other than injection pressure
were maintained constant.

Figure 7 shows the relationship between the meas-
ured temperature, sy, of rubber shear heating by
thermal camera and the injection pressure setup, P;.
Clearly, a reduction of injection pressure decreased
the shear heating effect during the injection stage,
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maintaining the AEM rubber in a thermal condition
away from high temperatures likely to produce plas-
ticizer diffusion and evaporation.

Tsy is already a very useful parameter to guarantee
very fast online process control, that is, to collect in-
formation concerning the risk of scorching and ther-
mal degradation, leading, for example, to the diffu-
sion of compound ingredients (low volatile chemi-
cals), stickiness, and mold fouling, and also color
variation. However, Tsy values obtained for different
rubber compounds cannot be directly compared since
each material has different thermal behavior.
Therefore, lognsy was introduced to allow the com-
parison of process outputs between DIA-AEM-black
and the other materials.

Figure 8 shows the relationship between the log of
the shear heating parameter at 10 s!, lognsy, and in-
jection pressure setup, P;. Lognsy at 10 s™' was cal-
culated by using the data for ATsy [°C], p [kg/m?],
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Figure 7. Relationship between temperature of rubber shear heating 7sy and injection pressure P; for DIA-AEM-black pro-

duction runs.
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Figure 8. Relationship between log shear heating parameter at 10 s™!, lognsy and injection pressure P; for DIA-AEM-black

production runs.
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C, [J/kg/K], and L/D reported in Table 2. Therefore,
working with injection pressure setup of 140 bar and
the DIA-AEM-black-KO run, an average Tsy of
235°C was measured online, and a logngy at 10 s~
of 6.14 Pa-s was calculated.

In this production run, eight cracked parts and 12 hard-
ened parts in 1000 sampled parts were collected. As
mentioned previously, the cracked parts showed an
average hardness value of 87.0 IRHD M according
to ISO 48 due to plasticizer evaporation, thus about
30 IRHD points more than the required specification
of 6045 (molded parts had low thickness; therefore
IRHD M hardness was used instead of Shore A). The
hardened parts showed an average hardness value of
71.0 IRHD M, thus also out of specification, and
compression set of 55.0%, performed for 94 hours
at 150°C after post-cure of 4 hours at 175 °C. Hence,
the compression set was also out of the required
specification of <50.0%, according to PV3330
(Table 4).

On the contrary, working with injection pressure
setup of 70 bar and the DIA-AEM-black-OK run, a
lower rubber shear heating temperature was meas-
ured online, average Tsy of 115 °C, and a lower shear
heating parameter was calculated, lognsy at 10 s
of 5.73 Pa-s. Therefore, this production run guaran-
teed a thermal condition away from high tempera-
tures likely to produce plasticizer diffusion and evap-
oration. Table 4 also reports the hardness and com-
pression set results for the DIA-AEM-black-OK run,
where average values of 58.0 IRHD M and 40.0%,
respectively, are reported, both within the required
specification.

With the aim of showing the use of the roadmap for
fast control of successful setup of process parame-
ters, Figure 9 shows the relationship between lognsy
at 10 s™' and My from 12 min at 177°C by MDR for
the seven rubber compounds with very stable indus-
trial production runs and DIA-AEM-black-KO run
(R? of 0.526), DIA-AEM-black-INT1 run (R*> of
0.562) and DIA-AEM-black-INT2 run (R? of 0.788).
In more detail, new curves were created, starting
from the roadmap reported in Figure 4, by replacing

the data of DIA-AEM-black-OK with values of ei-
ther DIA-AEM-black-KO run (Figure 9a), INT1 run
(Figure 9b) or INT2 run (Figure 9c¢), while keeping
the values of the other seven productions runs con-
stantly. Only the lognsy values of DIA-AEM-black
were modified, whereas M| was always the same
since it is a laboratory property, not influenced by
process parameters.

By introducing the curves of the KO run, INT1 run,
and INT2 run, some relevant deviations from the
previous proportional trend were observed, especial-
ly in Figure 9a (red curve) with R? of 0.526 accord-
ing to the power regression model. Accordingly, the
DIA-AEM-black-KO run, based on injection pres-
sure setup of 140 bar, average Tsy of 235°C, and
lognsy at 10 s7!' of 6.14 Pa-s, did not allow a stable
production cycle, where hardened and cracked parts
were produced. Furthermore, DIA-AEM-black-INT1
and INT2 runs were used to fine-tune the injection
pressure setup from KO to OK runs, thus in this case
also the lognsy at 10 s™! values deviated from the
proportional trend with R? of 0.562 and 0.788, re-
spectively. Finally, the DIA-AEM-black-OK run,
based on injection pressure setup of 70 bar, average
Tsy of 115°C, and logngy at 10 s of 5.73 Pa-s, al-
lowed a very stable production cycle without hard-
ened and cracked parts. In this process setup, the
lognsu value was within the proportional trend with
R? of 0.935 according to the power regression
model (see Figure 4). Therefore, the coefficient of
determination of lognsy vs Mp curves provides a
good indication of process stability of DIA-AEM-
black runs.

Figure 4 and Figure 9 clearly show how lognsy val-
ues of a production run, combined with M| values,
give indication of the successful output of the injec-
tion molding process by comparison of this data with
a well-established roadmap obtained from stable pro-
duction runs of different rubber compounds and
process conditions. This monitoring has the advan-
tage of being fast, and provides information about
the stability of the process while it is running, well
before completing the production run.

Table 4. Physical-mechanical data for DIA-AEM-Black, comparison between OK and KO runs.

Parameter?® DIA-AEM-black-OK DIA-AEM-black-KO
Hardness after post-cure 4 hrs. at 175°C, IRHD M [-] 58.0 71.0
Compression set (94 hrs. at150 °C) after post-cure 4 hrs. at 175°C  [%] 40.0 55.0
Glass transition temperature (DSC), T [°C] -35.7 -26.7

#Required specification: IRHD M (ISO 48) = 6045 and compression set 94 hrs. at 150°C (PV3330) <50%.
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The proposed approach, obtained for a very hetero-
geneous sample of rubber compounds and operating
conditions, was found to be successful and useful. It
is worth pointing out that the roadmap in the present
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work was obtained for rubber compounds having
similar hardness. In principle, it is possible to extend
this approach to other types of rubber compounds,
but the limits of validity of the roadmap still need to
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be investigated. In the meantime, to apply it to a new
rubber compound, preliminary tests in good operat-
ing conditions must be performed to demonstrate
that the new data are in accordance to the established
operating roadmap.

5. Conclusions

This study aimed to improve the process control for
optimal injection molding of technical rubber parts
by introducing a new tool for online monitoring of
the shear heating phenomenon. Specifically, very fast
process control of injection molding is proposed and
applied to an industrial case study to improve the
processing behavior of AEM with a focus on its
scorch and thermal degradation issues. The online
monitoring is based on direct measurement of the
surface rubber temperature (7sy) by an infrared ther-
mal camera at the nozzle outlet of the injection
molding machine extruder. This measure provides
very fast online process control and provides infor-
mation about rubber behavior and its shear heating
effect before injection of the rubber into the mold
cavities. This measured temperature led to the cal-
culation of a technological parameter designated
shear heating parameter, nsy, which also takes into
account physical material properties (density and
specific heat capacity) and process conditions (L/D
ratio).

Eight different rubber compounds based on AEM,
HNBR, FKM, and EP(D)M elastomers were tested.
In particular, eight rubber compounds and eight in-
dustrial production runs with long process stability
and various production runs of DIA-AEM-black,
where stable, unstable, and also the intermediate pro-
duction runs were investigated. The results of ngy
were correlated with My, from MDR laboratory meas-
urements. The relationship between lognsy and My
for the 8 rubber compounds with long process stabil-
ity, including the DIA-AEM-black-OK run, showed
a proportional trend, with R? of 0.935 according to
the power regression model. Thus, this proportional
trend represented a reference point to achieve a ro-
bust correlation with the molding function to sup-
port, by an operating roadmap, the process engineer
and plant operator in the improvement of the process
control by thermal online measurements. The oper-
ating roadmap was successfully used to improve the
process control of industrial productions based on

AEM rubber compounds affected by scorch prob-
lems and thermal degradation due to plasticizer loss.
The results show that the shear heating parameter is
a very suitable tool because it considers not only the
rubber compositional effects based on density and
specific heat capacity measurements but also the ef-
fect of operating conditions setup, especially based
on Tsy online measurements. The gy gives more in-
formation than M| about the thermal history and
process safety; thus it can be used in industrial prac-
tice to improve the process control by improving the
knowledge of rubber behavior and its shear heating
effect during the injection stage. Therefore, this
knowledge can help the process engineer, plant op-
erator, and mold designer to:

i) provide suitable process parameter setup and
mold design to avoid scorch problems and ther-
mal degradation, preventing the production of
out of specification rubber parts;

ii) optimize processes for new materials where in-
formation about thermal behavior is lacking be-
cause, differently from Tgy, lognsy) is able to
correlate data obtained from different rubber
compounds;

iii) select the injection molding machine, taking into
account the rubber compound rheological be-
havior.

In this article, the operating roadmap based on two
technological parameters, ngy and M, is proposed as
anew tool very suitable for industrial practice. How-
ever, some insights concerning its physical meaning
and further applications still need to be explored.
Therefore, further investigations will be carried out
to study its relationship with a, such as the effects of
nozzle type, L/D of nozzle, and residence time. Fi-
nally, the possibility to use the shear heating param-
eter in the setup of computer-aided engineering sim-
ulations useful for mold design and injection molding
process optimization can also be investigated.
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