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Abstract

Over the last years, the use of high performance thermoplastic materials in-
creased significantly especially in aviation applications. Thus, the processing
of these high temperature polymers became more and more interesting. Espe-
cially, the groups of polymers like polyphenylene sulfide (PPS), polyether eth-
er ketone (PEEK) or polyetherimide (PEI) are in the focus of recent develop-
ments and investigations. These materials show excellent thermal, mechanical
and chemical properties while processing remains still challenging. Especially
the influence of processing temperatures, temperature depending viscosities,
the specific heat capacities and the thermal expansion show a high impact to
the quality of the produced parts, e.g. degradation and dimensionally stability.
Thus, this paper shows experimental characterizations in regard to the
processing of PEI by pipe extrusion processes. In this context, a suitable me-
thodology for the determination of appropriate process parameters is shown,
which includes the comprehensive determination of temperature dependent
thermal, thermomechanical and degradation properties of specific PEI extru-
sion materials.

Keywords
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1. Introduction

Extrusion is a well-known manufacturing technology for a wide range of tech-
nical polymers. Various profiles such as plates, window-frames, foils or pipes
can be continuously produced with high outcome rates due to a highly automa-
tised manufacturing process [1]. Nevertheless, the use of high performance plas-

tics like PEIL, PEEK, and PPS for extrusion is not common and not yet investi-
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gated properly. A reliable determination of suitable process parameters for pro-
ducing e.g. PEI pipes is challenging [2]. Thus, the thermal material behaviour
has to be investigated and related to the processing conditions, especially con-
sidering the high operating and processing temperatures [3]. The work pre-
sented comprises an introduction to extrusion manufacturing of PEI pipes, the
deduction of relevant material properties, and the description of the performed
material testing methods. The PEI types used in these investigations are high
performance thermoplastic polymers which are exposed to high mechanical and
thermal loads (oxidative atmosphere) during manufacturing. PEI is usually
processed at temperatures of approx. 320°C to 360°C in the extruder and the ex-
trusion die [4] [5] [6]. After exiting the extrusion die, the polymer is slowly
cooled down depending on the cooling system of the calibration. Due to the high
temperatures mainly dry vacuum calibration systems are applicable for cooling
down high temperature thermoplastics [2]. The mentioned process steps define
the geometrical and mechanical properties of the polymer pipe [7]. Considering
this, detailed knowledge about the thermal and thermomechanical behaviour of
the polymer is crucial for an appropriate process design [8]. Previous works
show experimental and numerical investigations in regard to the extrusion of
polymers [2] [9] [10] [11] [12]. Thereby, the design of extrusion dies and the re-
spective cooling behaviour is focussed in regard to sagging effects in [12], which
is not focus of this publication. Furthermore, the analysis of the cooling behav-
iour performed by testing methods out-of-date compared to the investigations
here are shown in [9]. The determination of rheological and thermal effects,
which are used for the simulation of extrusion processes for blow molding is
presented in [11]. All previous works, except [2], do not use high performance
thermoplastics like the polyetherimide types, which are focussed in this paper.

The advantage of the presented works is the determination of the necessary

thermal and thermomechanical properties in regard to the adaptation of the

manufacturing process. Thus, the presented work shows a detailed material
characterisation programme for the determination of relevant thermal and
thermo-mechanical properties for the processing using three different types of

PEL The considered material properties are:

e Glass transition,

e Thermal degradation, which is represented by temperature dependent mass
loss and the resulting glass transition temperature shifts caused by reduced
polymer chain length,

e Specific heat capacity,

e Thermal conductivity and

o Coefficient of thermal expansion (CTE).

Additional analyses of melting behaviour and viscosity will be subject to fu-

ture work.

2. Process Description

The manufacturing process focussed in this work is based on a particularly de-
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signed extrusion line supplied by Dr. Collin GmbH Lab & Pilot Solutions in or-
der to meet the complex and demanding requirements of high performance
polymeric materials such as PEI and PEEK. In contrast to standard equipment,
this extrusion line is designed to withstand processing temperatures up to 400°C.
Figure 1 shows a schematic arrangement of the extrusion line starting from the
plastification unit and ending with the cooling section. In addition, an exem-
plary temperature profile representing the polymer temperature along the proc-
ess line is shown according to the process stages. At the beginning the polymer is
plasticised inside the extruder and heated up above melt temperature. To set up
the right processing temperatures the ranges of melt and glass transition tem-
peratures have to be known. The polymer remains in a molten state until it exits
the die. The process speed is mainly influenced by the screw speed and the re-
sulting mass flow of the polymer. On the one hand the minimum screw speed is
defined by the dwell time of the polymer in the molten state, which can reach up

. On the other hand the maximum

to 20 minutes at a screw speed of 15 min~
screw speed is limited by the applicable extrusion pressure and the shear rate in-
side the die to exclude local thermal damage. Besides that, the shear rate can
have a strong effect on the viscosity of the polymer and thus might affect the
processing of the material.

While cooling the polymer inside the calibration unit, a temperature gradient
over the pipe thickness occurs. During processing, a softening of the outside of
the pipe wall can happen due to the heat flux inside the pipe wall after the ther-
moplastic material leaves the calibration unit. To prevent this, the heat capacity
and the thermal conductivity of the polymeric materials have to be known.

Especially in regard to the production of aircraft applications, high tolerance
requirements have to be maintained. Thus, the effects of thermal expansion have
to be considered as well, especially in regard to the final geometry of the ex-

truded pipes.
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Figure 1. Schematic illustration of the extrusion line and the temperature of the polymer in each process step.
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3. Materials and Characterisation Methods

Regarding the description of the extrusion processes and the complex interac-
tion of the process parameters different relevant thermal characteristics of the
polymer types have to be determined. In the presented investigations, three dif-
ferent PEI types shown in Table 1 are used. These materials are supplied by
SABIC Inc. and the trade names are Ultem 1000, Ultem CRS 5001 (a PEI co-
polymer, chemically modified) and Ultem 9075 (a polymer blend consisting of
PEI and polycarbonate). Such materials are industrially used for high tempera-
ture applications, such as window frames, seat shells or service units in aircrafts
or even special gaskets for e.g. space travel suits [13] [14] [15]. The selected PEI
types show all slightly hygroscopic behaviour. Thus they have to be dried before
manufacturing in order to avoid pore formation.

For the description of the thermal behaviour of the selected PEI types, the fo-
cus of the initial investigation was on glass transition and decomposition tem-
peratures as well as the temperature-dependent specific heat capacities and
thermal conductivities. Additionally, the effect of thermal degradation and de-
composition [16], caused by long dwell times in the plastification unit at elevated
temperatures, were investigated by a combination of Thermogravimetric Analy-
sis (DTG) and Differential Scanning Calorimetry (DSC). In regard to the ther-
mal deformation, which occurs in the stage of the cooling of the extruded parts,
the coefficient of thermal expansion (CTE) was also determined. Although the
extrusion process and the part quality is influenced by the temperature depend-
ent viscosity of the used materials, the investigation of the melt and extensional
viscosity is not focused in this paper and will be addressed in future works. Ta-
ble 2 shows an overview of the investigated characteristics, the used characteri-
sation methods and devices.

Each of the material types was subjected to a complete characterisation of
thermal and mechanical properties. Therefore, different specimen geometries
were used depending on the required sample size and geometric properties.
DTG and DSC measurements were conducted with granulate. The transient
plane source method (HotDisk) and the dilatometry require larger and defined
specimen geometries in order to assure parallel surfaces.

All specimen were dried for at least 9 h at 140°C in an oven before each
measurement according to [8]. The used testing parameters for all investigations
are shown in Table 3. These were chosen according to the conditions encoun-
tered during manufacturing. For example degradation behaviour was analysed
for typical the extrusion temperatures using air as purge gas.

In regard to the measurements performed by the transient plane source
method (HotDisk) [17] [18] specimen geometries characterised by a thickness of
4 mm, length and width of 100 mm were used. The heat conductivity was de-
termined for four different temperatures 25°C, 100°C, 150°C, and 200°C. For
this, the setup of two specimen plates and HotDisk sensor were placed in a con-
stant tempered convection oven and equilibrated for 1 h. The connection to the

measurement device was maintained by a thermally insulated opening in the
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oven wall. Temperature accuracy was monitored with a thermocouple placed
next to the specimens. The measurement parameters were set to a heating time

Table 1. List of the investigated PEI types [4] [5] [6].

Trade name Manufacturer Description tfmx';::rj:ur;e
Ultem 1000 Sabic Inc. Reference standard PEI 340°C-360°C
Ultem CRS 5001 Sabic Inc. Chemically modified PEI 360°C - 380°C
Ultem 9075 Sabic Inc. Polymer blend PEI + PC 320°C - 340°C

Table 2. Investigated thermal characteristics, respective determination methods and used

measuring devices.

Physical
characteristic

Glass transition
temperature (Tg)

Specific heat capacity (cp)

Decomposition temperature
(Tne)

Mass loss/normalised mass
(m(9)/my)

Thermal conductivity (1)

Coefficient of thermal expansion

(CTE, a)

Measuring method Measuring device

Differential Scanning DSC1
Calorimetry (DSC) (Mettler Toledo GmbH)
Thermogravimetric Analysis TGA SDTA 851e (Mettler
(DTG) Toledo GmbH)
DIG TGA SDTA 851e (Mettler
Toledo GmbH)
Transient plane s?urce method Hot Disk TPS 25008
(HotDisk)
. Dilatometer L75 (Linseis
Dilatometry

GmbH)

Table 3. Test conditions and parameters.

Glass transition
temperature (T)

Specific heat capacity (cp)

Decomposition
temperature

(TDC, TDI%)

Degradation/aging of the
specimen

Mass loss/normalised mass
(Am)

Coefficient of thermal
expansion (CTE, a)

Thermal conductivity (1)

Purge gas, flow

Temperature range
rate

Heating rate

20°C - 400°C 10 K/min N,, 40 ml/min
2 K/min, dulation 0.32
20°C - 400°C fmin, moduiation N,, 20 ml/min
Kin 15and 40 s
25°C-625°C 10 K/min N,, 40 ml/min

Isothermal with dwell

340°C, 360°C, 380°C
times of 2, 5 and 10 min

Air, 20 ml/min

25°C -1000°C 10 K/min Air, 40 ml/min
—40°C-200°C 1 K/min Air, 0 ml/min
25°C-200°C Isothermal Air, unspecified

DOI: 10.4236/msa.2018.97044 618

Materials Sciences and Applications


https://doi.org/10.4236/msa.2018.97044

M. Stegelmann et al.

of 20 s and adjusted heating powers of 20 to 70 mW in order to compensate the
different probing depths and local temperature increase effects due to the dif-
ferent measurement temperatures.

For the DSC measurements specimen of weights between 7 mg and 13 mg
were placed in an aluminum crucible with a volume of 40 pl and a pierced lid.
For the determination of glass transition and the heat capacity nitrogen with
flow rates of 20 ml/min was used as purge gas.

The melt processing of PEI requires temperatures far above the glass transi-
tion temperature. Thus, more than 300°C are necessary to reach the required
viscosities (see also Table 1). In addition, extrusion is usually conducted without
any protection from atmosphere. Hence, Thermal degradation and oxidation
may damage the polymer during manufacturing. In order to determine the de-
composition of the polymeric materials, DTG measurements were conducted.
The samples were prepared to weights between 16 and 32 mg. The samples were
heated with 10 K/min to 1000°C using air with a flow rate of 40 ml/min as purge
gas. In order to reproduce the degradation of the polymeric materials in accor-
dance to the manufacturing conditions an aging procedure was used. Therefore,
specimen were aged in the DTG using isothermal steps at 320°C, 350°C and 380°C
with dwell times at each temperature of 2, 5 and 10 minutes and air as purge gas
with a flow rate of 20 ml/min. The temperature corresponding to a mass loss of
1% was defined as the decomposition temperature Ty,,. Afterwards, the glass
transition temperature was determined again and referenced to the glass transi-
tion of the unaged state of the polymer, which is represented by a shift of Tg.

For the determination of the specific heat capacity a modulated DSC using the
TOPEM method was applied [19]. Thereby, the heat rate was set to 2 K/min, the
amplitude of the modulation was 0.32 K and the variation time period was set to
15 s and 40 s. The heat flow was adjusted by an analogous measurement with a
sapphire sample with a mass of 23.68 mg.

DTG measurements were conducted with Al,O, crucibles of 150 pl and nitro-
gen as purge gas with a flow rate of 40 ml/min according to [20].

In order to investigate the thermal expansion a dilatometer (L75, Linseis
GmbH), that is equipped with liquid nitrogen for cooling, was used. The meas-
urements were performed in a temperature range from —40°C to 200°C in a
constant air environment. Prepared specimen showed a length of approx. 20
mm, a width and thickness of approx. 4 mm. The dilatometer device used for the
investigations determines the elongation of the sample in dependency of a tem-
perature change. For the calculation of the CTE the technical CTE is focused,
which is calculated in accordance to equation 7, where / is the starting length of
the specimen, determined before the measurement starts, A/as the elongation of
the specimen and AT the temperature difference between the initial temperature
and the reference temperature of 20°C.

oa=—— 1
I, AT M
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4. Results and Discussion

4.1. Glass Transition and Specific Heat Capacity

Standard DSC scans were performed in order to determine the phase transitions
of each PEI type. The heat flow curves do not show a melting peak because of the
amorphous structure of polymer. The characteristic glass transition steps were
evaluated by using tangents, Figure 2.

The T of Ultem 1000 was slightly higher than the others. Ultem 5001 has the
highest glass transition temperature which is 10 K to 15 K above the value of
Ultem 1000 and Ultem 9075. These differences may be due modified formula-
tions of the polymers [4] [5] [6]. In order to examine the temperature dependent
specific heat capacities modulated DSC scans were conducted with the TOPEM
method [19]. The heat flow curves were adjusted by a sapphire measurement. As
shown in Figure 3, the ¢, values of all three polymer types reveals linear de-
pendence on temperature below and above the T. In the vicinity of the T a sig-

nificant increase can be observed.
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Figure 3. Measurements of specific heat capacity.
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Figure 4. Decomposition behavior of the investigated PEI types (left) and the exemplarily shift of T for PEI ULTEM 9075
(right).

4.2. Decomposition and Degradation

The results of the decomposition of the investigated PEI types are shown in Fig-
ure 4 (left). All three types show the same characteristic behaviour consisting of
two decomposition steps. In the case of Ultem 1000 and Ultem 5001 the first
significant mass loss is initiated around 500°C. Ultem 9075 reveals first decom-
position effects around a temperature of 450°C. According to the second de-
composition step, it can be supposed that Ultem 9075 may contain anorganic
fillers as a residual mass of 10% remains at 1000°C.

Based on these results a maximum process temperature of 400°C during ex-
trusion would be derived. However, during the DSC measurements described
above a shift in the glass transition temperature could be observed when heating
the Ultem 9075 samples more than once to a temperature of 400°C. Thus, the
determination of the degradation using the isothermal DTG and subsequent
DSC measurements for the determination of the resulting glass transition tem-
perature shifts show that the duration of thermal treatment has a direct influ-
ence on the glass transition. As shown in Figure 4 (right) it was found that a
relatively low temperature of 340°C may induce degradation of the polymer ma-
terial when it comes to a dwell time of more than 10 min. An exposure to a
temperature of 380°C leads quasi instantaneously to degradation. The glass tran-
sition decreases about 2 K after 2 min. After 10 min of thermal treatment the
glass transition temperature was reduced about 6 K. The reason for these degra-
dation effects is probably the destruction of chemical bonds due to the thermal
energy that was introduced. Regarding the results from combined DTG and DSC
scans it can be clearly concluded that the extrusion temperature must be selected

with care and taking into account temperature and time.

4.3. Thermal Conductivity

The determination of the thermal conductivity was done by Hot Disk measure-
ments with adapted heating powers. Figure 5 illustrates the mean values of 5

measurements for each temperature. After slight temperature dependence
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Figure 5. Detemined thermal conductivity of the
investigated PEI types.

between 25°C and 150°C the thermal conductivity increases significantly in the
vicinity of T which is attributed to the rapidly increasing chain mobility being
initiated when approaching the glass transition. The Ultem 5001 reveals the
highest values in the investigated temperature range which may be related to the
chemically modified PEI used for the 5001 type. Measurements at higher tem-
peratures were not performed in order to avoid irreversible adhesion between

polymer and sensor.

4.4. Thermal Expansion

In accordance with the extrusion based manufacturing process (see Figure 1),
PEI plates were prepared by injection moulding. Specimens were cut in mould-
ing direction (0°) and transversal to the moulding direction (90°). Figure 6 shows
the results of the CTEs. All PEI samples show a slightly anisotropic behaviour. The
transversal (90°) specimen revealed higher values of expansion, caused by a
higher orientation of the molecule chains in moulding (0°)-direction. The tem-
perature influence is linear until softening of the polymer materials is reached,
which can be identified by increased standard deviation at the measurements on
Ultem 5001 at approximately 150°C.

5. Conclusion

This paper focused on the experimental investigation of amorphous high per-
formance polyetherimides in regard to their thermal and thermomechanical
properties. A set of experiments was conducted in order to assess the extrusion
processing possibilities of high temperature thermoplastic materials. For this,
the influence of parameters like temperature, dwell time and atmosphere, were
considered. Special attention was paid to the degradation of the materials during
the extrusion process. The experimental characterisation was exemplarily per-
formed with three different types of PEI, which shall be used for an extrusion
process of high performance pipes. The tests show that the three modifications

offer different advantages and disadvantages:
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Figure 6. Coefficient of thermal expansion of the investigated PEI types in
regard to the flow direction.

All types have in common that they provide ultra-high temperature per-
formance, which is comparable to thermoset matrix systems which are today
used in aviation industry.

The PC-blended PEI type Ultem 9075 showed slightly inferior behaviour in
both, glass transition and thermal stability.

Ultem 5001 had the best thermal properties but revealed poorer mechanical
behaviour.

The results provide a comprehensive thermal description of the different

production stages and can also be used as a basis for future process simulation.

Nevertheless, the investigations are a profound basis for the definition of process

restrictions. Further analyses are necessary in regard to the temperature de-

pendent viscosity of the PEI in the screw and calliper as well as concerning the

extensional viscosity for the description of the behaviour in the calibration unit.
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