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The paper presents and discusses certain procedures for manufacturing components from continuous fiber
reinforced thermoplastics using carbonfiber-reinforced polyetheretherketone (PEEK). The manufacturing qual-
ity achieved has been examined and compared with the aid of bending tests and micrographs. Some thermal

decomposition tests were also done.

Introduction

HE anticipated application of continuous fiber-rein-

forced thermoplastics in aircraft construction makes it
necessary to develop suitable processing methods as it is not
possible to adopt the known techniques used in thermosetting
" plastics. Both the development of thermoplastics with higher
temperature resistance and the processing advantages, such as
formability, of these thermoplastics make it necessary to test
suitable processing techniques for the material which allow
maximum exploitation of the strength and stiffness offered by
an undisturbed orientation of fibers as well as economic pro-
cessing.

Processing tests were conducted using the thermoplastics
polysulfone (PSU) and polyetheretherketone (PEEK) at the
Institute for Structures and Design.! The best results with re-
gard to temperature and chemical resistance are achieved with
continuous carbonfiber-reinforced PEEK bearing the trade
name APC2 (Aromatic Polymer Composite). Tests were con-
ducted on the materials’ properties and the processing possibil-
ities offered.

A number of different processes have already been sug-
gested for processing fiber-reinforced PEEK. These include
hydroforming, plate pressing, roll forming, and diaphragm
forming.23

Manufacturing Techniques

The processes used for manufacturing components are the
following: 1) process A, pressing in a mold using foil and fiber
lay-up; 2) process B, pressing in a mold using prepregs; 3)
process C) layup process using separate prepreg layers; and 4)
process D, rolling process using prepreg tapes. The processes
for manufacturing components described here are shown in
Fig. 1.

Pressing in a Mold

In process A (Fig. 1), an assembly of laminated thermoplas-
tic foil and fiber lay-up is placed in a heatable mold and heated
to a temperature above the melting temperature of the thermo-
plastic. It is then pressed into a plate under vacuum and pres-
sure. Vacuum is required to impregnate the fibers without

voids. .
In process B (Fig. 1), commercial prepregs are pressed in a
heated press. The difference between process A and process B
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lies in the fact that the latter processes commercial prepregs
whereas in process A it is possible to select fiber-matrix combi-
nations that are not available as prepregs. ‘

The press conditions were optimized by a series of tests and
specified as follows for the pressing process': press tempera-
ture, 383°C; press time, 5 min+ 1 m in warming time/layer;
and pressure, 5 bar.

Figure 2 gives an example of the manufacture of a compo-
nent using the pressing process. In this comparison, an individ-
ual piece is first cut from a pressed plate using metal-working
machines. In the second case, prepreg layers cut for series
production are pressed in a mold. :

Forming in the Mold

Plates manufactured using the pressing process can be
formed into a formed piece in a further process. Formability
tests have shown that good strengths are achieved with a form-
ing temperature of 340°C or above. The various components
were formed at a temperature of 360°C. Hat profiles and U
profiles manufactured in this way were used for producing the
test structures for crash tests shown in Fig. 3.

Possible applications for aircraft parts manufactured in
presses include spars, ribs, and the skins of tailplanes. How-
ever, wing flaps or components for the aircraft interior (e.g.,
seats) are other areas of possible application.

In addition to forming in a mold, ICI also recommends
superplastic forming.2? In such cases, however, the CF-PEEK
material must be formed between Kapton foil and UPILEX
foil, depending on the degree of forming. A forming tempera-
ture of 400°C is recommended for this process.

Rolling Process

A rolling mill as shown in Fig. 1d is suitable for welding
reinforced thermoplastics into tapes and for forming rein-
forced thermoplastic tapes into profiles. However, due to the
high processing temperature of PEEK and its low thermal
conductivity, the required temperature cannot be achieved
simply by heat transfer from the heated rollers in the roller gap
without destroying the PEEK material at the contact point
with the rollers as a result of an excessively high temperature.
A preheat area must be arranged before the rolling mill in such
a way that the surface of the tape entering the gap between the
rollers is cooled slightly in order to avoid it sticking to the
roller, but so that the interior temperature of the tape is suffi-
ciently high for processing or welding. The subsequent form-
ing into a profile is made possible by a series of heated contour
rollers. .

Figure 4 shows components made of CF-PEEK which were
produced at the Institute in accordance with the process just
described. Reports have already been written on processes A,
B, and D.!
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Lay-Up Process

The method used to date for manufacturing components
from continuous fiber-reinforced thermoplastics involves the
manufacture of flat plates, which are subsequently formed
into structural elements; in some cases this is done in several
stages. Buckling of fibers often occurs in the corners during the
forming process, thus reducing the load-bearing capacity.

When manufacturing large components, extremely large
presses have to be used because of the pressure required during
the aforementioned pressing process. It was therefore neces-
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sary to develop a manufacturing process for formed parts
made of continuous fiber-reinforced thermoplastics, which
permits the simple manufacture of complicated formed parts
with good strength properties.

The lay-up process shown in Fig. 1c was thus developed, in
which individual layers are placed one on top of the other on
a heated mold. The next fiber layer is only added when the
previous one has been fused on. If required, the components
can be further consolidated by the application of vacuum. This
process makes it possible to produce components without the
intermediary ‘‘flat plate’’ stage. In contrast to the components
formed from flat plates, fiber orientation at the edges and
narrow radii is maintained.

The lay-up procedure is shown in Fig. Sa. The prepreg layers
are rolled onto a warmed mold face one after the other. The
act of pressing on a continuous fiber-reinforced layer onto a
warmed mold face means that the layer is increasingly warmed
from its underside. Here it is important to note that the low
thermal conductivity of thermoplastics leads to a temperature
drop in the interior of the layer; i.e., the underside of the layer,
which is facing the mold face may already be softened, while
the upper side facing away from the mold face is still stable and
nonadhesive. It is thus possible to achieve optimum matching
of the layer to the mold by using a suitable tool, e.g., a roller.
As the surface is soft, it easily adapts to the mold face,
whereby even the fibers in the interior of the layer do not suffer
any realignments during the forming process, which would

_reduce its strength.

il

Fig. 4 Proposed CF-PEEK structural parts for airplanes.



APRIL 1991

Fig. 5 In-house-developed manufacturing techniques.
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If the rollers are cooled, the layer can still be pressed onto
the mold face when the temperature on the side of the layer
facing away from the mold face is relatively high, as this can
counteract the heating up and softening in the area affected.
This is particularly advantageous when using very thin layers.
In addition, the use of cooled rollers increases the period of
time in which the layer can be pressed on without any adhesion
of the material occurring.

Pressing the layer to the mold improves the heat transfer and
thus accelerates the softening process in the region close to the
mold, whereas the temperature on the outside continues to
increase slowly, particularly with cooled rollers. A heated
mold is shown in Fig. 6, while Fig. 7 shows a component
manufactured on this mold in accordance with the process
described previously.

Tests with a CNC device for deposition layers have shown
that the lay-up process can also be automated (Fig. 8). Further-
more, the molded part can be consolidated (either by the appli-
cation of vacuum or in an autoclave) after laying the plies of
the continuous fiber-reinforced plastic. This improves the
overall quality of the molded part. The experience gained from
this process led to a winding process being developed (Fig. 5b)
in which the layers are wound one after the other onto a mold
in the form of a winding core. In all other respects, the tech-
nique applied is the same. This makes it possible to produce a
hollow part from which the winding core can be removed in
the axial direction once it has cooled down. The speed selected
is such that the layer is heated right through before the next
layer is applied. Pipes and spars were manufactured in accor-
dance with this process (Fig. 9). S

The low heat conductivity of PEEK was used for welding
tests. One of the parts is heated to the required welding tem-
perature (383-400°C) and a cold or preheated second part
pressed on to this (Fig. 5¢). The contact area is welded without
the second part losing its stability (Fig. 4, part 2). This can be
achieved by reducing the temperature of the first part or cool-
ing down once the second piece has been pressed on. In the
case of components with large surface area, the temperature

Fig. 8 Automated lay-up.

Fig. 9 Spar segment.
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Fig. 10 Stringer.
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can be reduced very effectively by individually adjustable heat-
ing elements. The welding quality can be improved by applying
an intermediate layer of PEEK foil. :

The lay-up procedure cannot be compared with conven-
tional process methods. Its most important features are that
1) heat is introduced from one direction; 2) the individual
layers can be processed without release agents; 3) wall thick-
nesses of up to 5 mm can be achieved; 4) presses are not
required; 5) fiber orientation is maintained even with small
radii; 6) the procedure can be controlled; and 7) the rigid
prepreg can be placed in curved molds without any preliminary
damage occurring.

It is, however, also possible to manufacture molded parts in
accordance with the lay-up process and to use a press mold to
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join these parts into a profile part such as a stringer (Fig. 10).
A variation of lay-up process C can also be used to manufac-
ture larger plates or larger components that are only slightly
curved.

The layers are placed on a heatable mold face in accordance
with the intended structure. They are then covered with an
aluminum foil. Vacuum is applied and the mold face heated to
390-400°C. After this temperature has been reached it is neces-
sary to wait 1 min/layer before a roller is rolled over the
aluminum foil in order to smooth the surface. The heating is
then switched off and the system cooled down.

Tests

In order to compare the production quality of the different
processes, plates were manufactured in accordance with the
processes list in Table 1.

The following tests were conducted with specimens cut from
these plates: short beam tests between —40 and + 140°C; and
transverse bending tests between —40 and + 140°C. Short
beam tests and transverse bending tests are particularly suit-
able for examination of the production quality of fiber com-
posite materials. Thermal decompositon was also examined
with the aid of thermogravimetric experiments and lap shear
tests.

Short Beam Tests

As expected, failure stress falls as temperature increases.
This applies to all types of processing. The results are shown
in Fig. 11. In order to be able to make a qualitative compari-
somn, the specimen that was pressed in the mold (process B) and
which is taken to be the standard specimen, had a failure stress
of 104 N/mm? at room temperature and was defined as repre-
senting 100% (Fig. 12). The comparison shows that the speci-
men assembled by hand (process Cla) produced the lowest
result of 86%. Part of this specimen, Clb, which was further
consolidated in vacuum, produced a result of 99%. The spec-
imen assembled automatically, C2, achieved 92% of the com-
parative value without postcompaction in vacuum. The speci-
men produced directly in vacuum, C3 (process derived from
process C), shows values higher than the average for the com-
parative specimen but still lies in the scatter range of the spec-
imens from process B.

a : PRESSING

b . LAY UP BY HAND
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Fig. 13 Micrographs (50 x).
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Table 1 Comparison of production quality

Type of manufacture Aftertreatment

B Pressing in a mold None

Cla Lay-up process None
(manual)

Clb  Lay-up process Postcompaction in vacuum
{manual)

c2 Lay-up process None
(automated)

C3 Consolidated in None
vacuum

Table 2 Recorded weight losses, %

Air Argon
Temperature, °C 1h 3h 1h 3h
380 0.13 0.34 0.07 0.16
400 0.25 0.73 0.07 0.17
420 0.44 1.25 0.15 0.38

An explanation for the different strengths can be found by
looking at the micrographs (Fig. 13). In specimens produced
according to process Cla, voids can be seen, as shown in Fig.
13b. No voids are visible in the specimens produced according
to pressing process B (Fig. 13a).

The unevenness of the APC2 prepreg cannot be smoothed
out in the manual lay-up process. However, it is expected that
prepregs with a smoother surface will be available in the future
so that it will also be possible to produce a laminate with fewer
voids and correspondingly improved strength characteristics
when using the manual lay-up process. These effects can be
reduced by postcompaction in vacuum, as shown in Fig. 13c,
or can be kept as low as possible, process C2, as shown in Fig.
13d. The specimens obtained from process C3 also have voids
(Fig. 13e).

The fiber content of the tested specimens showed a maxi-
mum difference of 3%. These small differences cannot be
responsible for the different strength values.

Transverse Bending Test

As with the short beam test, the failure stress also decreases
as the temperature increases during the transverse bending
test. Measurements were taken in the range from —40 to
+ 140°C (Fig. 14). Once again, the specimen that was pressed
in the mold was used for the qualitative comparison, and the
failure was defined as representing 100% (Fig. 15). It can be
seen that the value of the manually assembled specimen is 56%
and lies below the values of the other specimens. This is be-
cause (as discussed in the section on short beam tests) voids are
present that can be removed or reduced by consolidation in
vacuum. This is also confirmed by specimen C1b, which has a
value of 95%. A further reason for the poor result of 56% is
a notch effect produced because the surface is not totally
smooth.

In the case of the material assembled mechanically, this
surface was improved because of the higher contact pressure
produced by the roller. Production quality is considerably in-
creased by automatic assembly, not only because of the im-
provement to the surface, but also because of the constant
conditions that cannot be ensured by manual assembly. The
value of 91% achieved by the automatically assembled speci-
men without consolidation in vacuum is a good result. The
quality of the specimen consolidated in vacuum also proved
very good in the transverse bending test, reaching a value of
98% . However, as previously mentioned this process can only
be used for flat or slightly curved parts.

Thermal Decomposition

During process C, the PEEK remains at the processing tem-
perature for a longer time, particularly when larger compo-
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nents are processed. In order to be able to determine the degree
of any possible thermal decomposition, both the weight loss of
PEEK granules and the strength of specimens subjected to
thermal loads were measured.

The Mettler TA 3000 thermoanalysis system was used for
the thermogravimetric test. Type 380G PEEK granules were
dried for 12 h at 150°C in an air circulating oven and then
placed immediately in the microbalance of the Mettler system.
Weight loss was measured after 1 h and after 3 h at different
temperatures in air and in the inert gas argon, and results are
listed in Table 2. After 3 h in air at 380°C, the grey color of the
granules had turned to medium brown, and at 420°C to dark
brown. After 3 h in argon at 380°C, the color had changed to
light brown and at 420°C to medium brown.

Weight loss and discoloration increase as temperature and
time increase and are less pronounced in argon than in air.
Double lap joint specimens were produced for performing
further investigations into the question of thermal decomposi-
tion. The comparative specimens were produced without ther-
mal load in a mold and achieved a shear strength of 50 N/
mm?.! In the case of the specimens subjected to thermal load,
the connecting surfaces of the double lap joint were exposed to
air at 400°C for different time intervals before being pressed in
the mold. After 3 h thermal load, the shear strength was only
25% of the original strength. After 15 min thermal load, no
reduction in strength was observed. This corresponds to ICI
data.’

Thermal decomposition can be avoided under the processing
conditions and processes previously specified. During the
pressing process, all surfaces with the exception of the front
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faces are covered. For the lay-up process and the roller process
it is possible to add or form the next layer within a period of
15 min. A safe processing time of ~ 15 min at 400°C in air
would correspond to a component of ~ 0.5 m? (conditions: 1
tape laying head, tape width 10 cm). If several tape laying
heads are used together with wider tapes and possible preheat-
ing of the tapes, it is possible to produce larger components.

Conclusions

The test results show that, according to the structure in
question, the following processes—1) pressing in a mold using
foil and fiber lay-up, 2) pressing in a mold using prepregs, 3)
lay-up process using separate prepreg layers, and 4) rolling
process using prepreg tapes—are suitable for the manufacture
of larger number of items. The voids observed in some manu-
facturing techniques may be reduced by increasing prepreg
quality.

The pressing process and the forming process can be used
for many applications. Thermal decomposition of the matrix
does not occur under the pressing conditions specified previ-
ously. The roller process is a continuous process. When manu-
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facturing tapes and profiles, the residence time of the PEEK
material at the processing temperature is extremely short, and
thus, no thermal decomposition should occur. For the lay-up
process, the possibility of using a CNC device for depositing
layers means that any type of layer structure and any size of
components are possible.

References

Kempe, G., and Krauss, H., “Processing and Mechanical Proper-
ties of Fiber-Reinforced Polyetheretherketone (PEEK),”” Interna-
tional Council of Aeronautical Sciences, Paper 84-3.1.1, Sept. 1984.

2Barnes, A. J., and Cattanach, I. B., ‘‘Advances in Thermoplastic
Composite Fabrication Technology,”’ 2nd ME! Conference, London,
Nov. 1985.

3Cattanach, 1. B., Processing with Aromatic Polymer Composites
Developments in Reinforced Plastics, edited by G. Pitchard, Elsevier,
1986.

4Krenkel, W., “Evaluation of Welded and Adhesive Bonded Car-
bonfiber Reinforced PEEK,”” Comp. 1986, International Symposium
on Engineering Applications of New Composites, Patras, Greece,
1986.

5Cogswell, F. N., private communication.

Recommended Reading from the AIAA
Progress in Astronautics and Aeronautics Series . . . @

H. F. Nelson, editor

heat shields.

TO ORDER: Write, Phone or FAX:
American Institute, of Aeronautics and Astronautics,

Phone (301) 645-5643, Dept. 415 = FAX (301) 843-0159

4 weeks for delivery. Prices are subject to change without notice.
Returns will be accepted within 15 days.

Thermal Design of Aeroassisted
Orbital Transfer Vehicles

Underscoring the importance of sound thermophysical knowledge in spacecraft
design, this volume emphasizes effective use of numerical analysis and presents
recent advances and current thinking about the design of aeroassisted orbital transfer
vehicles (AOTVs). its 22 chapters cover flow field analysis, trajectories (including
impact of atmospheric uncertainties and viscous interaction effects), thermal protec-
tion, and surface effects such as temperature-dependent reaction rate expressions for
oxygen recombination; surface-ship equations for low-Reynolds-number multicompo-
nent air flow, rate chemistry in flight regimes, and noncatalytic surfaces for metaliic

c/o TASCO, 9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604

Sales Tax: CA residents, 7%, DC, 6%. For shipping and handling add
$4.75 for 1-4 books (call for rates for higher quanties). Orders under
$50.00 must be prepaid. Foreign orders must be prepaid. Please allow

1985 566 pp., illus. Hardback
ISBN 0-915928-94-9

AIAA Members $54.95
Nonmembers $81.95

Order Number V-96




