ICAS-86-4.6.1

MANUFACTURING PROCESSES AND MOLDING

OF FIBER-REINFORCED POLYETHERETHERKETONE

{PEEK)

G. Kempe and H. Krauss

DFVLR-Institute for Structures and Design

Stuttgart, F.

Abstract

The paper presents and discusses cer-
tain procedures for manufacturing com-
ponents from continuous fiber reinforced
thermoplastics using carbonfiber re-
inforced polyetheretherketone (PEEK). The
manufacturing quality achieved has been
examined and compared with the aid of
bending tests and micrographs. Some
thermal decomposition tests were also
done.

I. Introduction

The anticipated application of
continuous fiber reinforced thermo-
plastics in aircraft construction makes
it necessary to develop suitable proces-
sing methods as it is not possible to
adopt the known techniques used in
thermosetting plastics.

Both the development of thermoplas-
tics with higher temperature resistance
and the processing advantages, such as
formability, of these thermoplastics
make it necessary to test suitable pro-
cessing techniques for the material which
allow maximum exploitation of the strength
and stiffness offered by an undisturbed
orientation of fibers as well as economic
processing.

Processing tests were conducted using
the thermoplastics polysulfone (PS) and
polyetheretherketone (PEEK) at the Insti-
tute for Structures and Design /1,/. The
best results with regard to temperature.
and chemical resistance are achieved with
continuous carbonfiber reinforced PEEK
bearing the trade name APC2 (Aromatic
Polymer Composite). Tests were conducted
on the material's properties and the pro-
cess ' ~g possibilities offered.

A number of different processes
have already been suggested for proces-
sing fiber reinforced PEEK. These
include hydroforming, plate pressing,

roll forming, diaphragm forming /2/, /3/.
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II. Manufacturing Techniques

This paper describes the processes
shown in Fig. 1 for manufacturing com-

ponents.

A: Pressing in a mold using foil and
fiber lay-up

B: Pressing in a mold using prepregs

C: Lay-~up process using separate prepreg
layers

D: Rolling process using prepreg tapes.

Pressing in a Mold:

In process A (Fig. 1), an assembly
of laminated thermoplastic 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 pressure. 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 lies in the fact that the
latter processes commercial prepregs
whereas in process A it is possible to
select fiber-matrix combinations which
are not available as prepregs.

The press conditions were optimized
by a series of tests and specified as
follows for the pressing process /1/:

383°C

5 minutes + 1 minute
warming time per
layer

5 bar

Press temperature:
Press time:

Pressure:

Fig. 3 gives an example of the
manufacture of a component using the
pressing process. In this comparison,
an individual 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.
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Fig.1: Manufacturing Techniques

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
forming temperature of 340°C or above.
The various components were formed at a
temperature of 360°C. U profiles and
hat profiles manufactured in this way
were used for producing the test struc-
tures for crash tests shown in Fig. 2.

Possible applications for aircraft
parts manufactured in presses include
spars, ribs and the skins of tailplanes.
However, wing flaps or components for
the aircraft interior, e.g. seats, are

Fig. 2: Strukture for Crash Tests other areas of possible application.
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In addition to forming in a mold,
ICI also recommends super plastic for-
ming /2/, /3/. In such cases, however,
the CF-PEEK material must be formed
between Kapton foil or UPILEX foil,
depending on the degree of forming. A
forming temperature of 400°C is recom-
mended for this process.

Rolling Process:

A rolling mill as shown in Fig. 1-D
is suitable for welding reinforced ther-
moplastics into tapes and for forming
reinforced thermoplastic tapes into pro-
files. However, due to the high pro-
cessing temperature of PEEK and its low
thermal conductivity, the required tem-
perature 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

Manufacturing Techniques for Rocker Arms

rollers as a result of an excessively high
temperature. A preheat area must be ar-
ranged 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 sufficiently
high for processing or welding. The sub-
sequent forming into a profile is made
possible by a series of heated contour
rollers.

Fig. 4 shows components made of
CF-PEEK which were produced at the Insti=-
tute in accordance with the process des-
cribed above.

Reports have already been written
on processes A, B and D /1/.
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Lay-up Process:

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

When manufacturing larger compo-
nents, extremely large presses have to
be used because of the pressure required
during the above-mentioned pressing pro-
cess.

It was therefore necessary to
develop a manufacturing process for
formed parts made of continuous fiber
reinforced thermoplastics which permits
the simple manufacture of complicated
for@ed parts with good strength prop-
erties.

The lay-up process shown in Fig.
1-C was thus developed, .in which indi-
vidual layers are placed one on top
of the other on a heated mold. The next
fiber layer is only added when the pre-
vious one has been fused on. If required,
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the component can be further consolidated
by the application of vacuum. This pro-
cess makes it possible to procduce compo-
nents without the intermediary "flat plate”
stage. In contrast to the components
formed from flat plates, fiber orienta-
tion at the edges and narrow radii is main-
tained.

The lay-up procedure is shown in
Fig. 5a. The prepreg layers are rolled
onto a warmed mold face one after the
other. The act of pressing on a conti-
nous fiber reinforced layer onto a warmed
mold face means that the layer is in-
creasingly warmed from its underside.
Here, it is important to note that the low
thermal conductivity of thermoplastics
leads to a temperature drop in the in-
terior 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 non-adhesive. 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 of
the layer facing the mold face is soft,
it easily adapts to the mold face, where-
by even the fibers in the interior of the
layer do not suffer any realignments
during the forming process which would re-
duce its strength.
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Fig. 5: In-House Developed Manufac-
turing Techniques

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 counter-
act the heating up and softening in the
area affected. This is particularly
advantageous when using very thin
layers. 1In addition, the use of cooled
rollers increases the period of time in i . ;
which the layer can be pressed on with- Big. Te  Hald for Ieafing Rege
out any adhesion of the material occur-

ring.

Pressing the layer to the mold im-
proves the heat transfer and thus acce-
lerates 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 above.

Tests with a CNC device for deposi-
ting layers have shown that the lay-up
process can also be automatized (Fig. 8).

Furthermore, the molded part can be
consolidated - either by the application
of vacuum or in an autoclave - after
laying the plies of the continuous fiber
reinforced plastic. This improves the Fig. 8: Automatized Lay-Up
overall quality of the molded part.

831



The experience gained from the
process described above 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 win-
ding core. In all other respects, the
technique 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 ap-
plied. Pipes and spars were manufac-
tured in accordance with this process
(Fig. 9).

Fig. 9: Spar-Segment

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
pre-heated second part pressed on to
this (Fig. 5c¢). The contact. area is
welded without the second part losing
its stability (Fig. 4, part 2). This
can be achieved by reducing the tempera-
ture of the first part or cooling down
once the second piece has been pressed
on. In the case of components with
large surface areas, the temperature can
be reduced very effectively by individu-
ally adjustable heating elements. The
welding quality can be improved by ap-
plying an intermediate layer of PEEK foil

The lay-up procedure cannot be
compared with conventional process
methods. 1Its most important features
are:

Heat is introduced from one direction.

* The individual layers can be processed
without release agents.

* Wall thicknesses of up to approx. 5 mm
can be achieved.

* Presses are not required.

L Fiber orientation is maintained even
with small radii.

i The procedure can be controlled.

* The rigid prepreg can be placed in

curved molds without any preli-
minary damage occurring.
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It is, however, also possible to
manufacture molded parts in accordance
with the lay-up process and using a
press mold to join these parts into a
profile part such as a stringer (Fig. 10).

Fig. 10: Stringer

A variation of the lay-up process C
can also be used to manufacture larger
plates or larger components which are
only slightly curved.

The layers are placed on a heatable
mold face in accordance with the intended
structure. These are then covered with an
aluminium foil. Vacuum is then applied
and the mold face heated to 390° - 400°C.
After this temperature has been reached it
is necessary to wait 1 minute per layer
before a roller is rolled over the alu-
minium foil in order to smooth the sur-
face. The heating is then switched off
and the system cooled down.

III. Tests

In order to compare the production
quality of the different processes,
plates were manufactured in accordance
with the following processes:

Type of manufacture After-
treatment
B Pressing in a mold None
Cla Lay-up process (manual) None
Clb Lay-up process (manual) Post com-
paction
in vacuum
c2 Lay-up process (auto- None
matized)
C3 Consolidated in vacuum None




The following tests were conducted with
specimens cut from these plates:

* Short beam tests between =40°C
and +140°C

* Transverse bending tests between
-40°C and +140°C

Short beam tests and transverse
bending tests are particularly suitable
for examination of the production quality
of fibrous composite materials.

Thermal decomposition was also
examined with the aid of thermogravi-
metric 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 comparison,
the specimen which was pressed in the
mold - process B - and which is taken to
be the standard specimen, had a failure
stress of 104 N/mm2 at rcom tempera-
ture and was defined as representing
100% (Fig. 12). The comparison shows
that the specimen assembled by hand -
process Cla - produced the lowest result
of B6%. Part of this specimen, Clb,
which was further consolidated in vacuum,
produced a result of 99%. C2, the speci-
men assembled automatically, achieved 92%
of the comparative value without post-com-
paction in vacuum. C3, the specimen pro-
duced directly in vacuum - process deri-
ved from process C -, shows values higher
than the average values for the compara-
tive specimen but which still lie in the
scatter range of the specimens from pro-
cess B.
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Fig. 11: Short Beam Test Results
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Fig. 12:
Short Beam Test Results

An explanation for the different
strengths can be found by looking at the
micrographs (Fig. 13a-e). In speclmens
produced according to 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).
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d : AUTOMATICAL LAY UP
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Micrographs (50 x)

Fig. 131



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 future so that it
will also be possible to produce a lami-
nate with fewer voids and corresponding-
ly improved strength characteristics
when using the manual lay-up process.
These defects can be reduced by post-
compaction in vacuum, as shown in Fig.
13c, or can be kept as low as possible
by the automatical lay-up process, C2,
as shown in Fig. 13d. The specimens
obtained from process C3 are also with-
out voids (Fig. 13e).

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

Transverse Bending Test

As with the short beam test above,
the failure stress also decreases as
the temperature increases during the
transverse bending test. Measurements
were taken in the range from -40°C to
+140°C (Fig. 14). Once again, the spe-
cimen which was pressed in the mold was
used for the qualitative comparison and
the failure stress of 133 N/mm2? at
room temperature was defined as repre-
senting 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
because, as already mentioned in the
section on short beam tests, voids are
present which can be removed or reduced
by consolidation in vacuum. This is
also confirmed by specimen Clb 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 to-
tally smooth.

In the case of the material as-
sembled mechanically, this surface was
improved because of the higher contact
pressure produced by the roller. Pro-
duction quality is considerably increased
by automatical assembly,not only because
of the improvement to the surface, but
also because of the constant conditions
which cannot be ensured by manual
assembly. The value of 91% achieved by

the automatically assembled specimen with-

out consolidation in vacuum is a good
result. The quality of the specimen con-
solidated in vacuum also proved very good
in the transverse bending test,reaching a
value of 98% being achieved. However, as
mentioned above, this process can only be
used for flat or slightly curved parts.

&~—a PRESSING

o0 LAY UP BY HAND

+— -+ LAY UP BY HAND,
VACUUM CONSOLIDATED

x——x AUTOMATICAL LAY UP

o-~—o VACUUM CONSOLIDATED

1401
€
E 120
~
4
> 1001
O
ﬁ 8041 o .
2 601
o
-
d
< 40
.
20 1
0

-40-20 0 20 40 60 80 100 120
TEST TEMPERATURE °C

Fig. 14: Transverse Bending Test Results
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Thermal Decomposition

During process C, the PEEK remains
at the processing temperature for a longer
time, particularly when larger compon-
ents are being 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 ther-
mal loads were measured.



The Mettler TA 3000 thermoanalysis
system was used for the thermogravi-
metric test. Type 380G PEEK granules
were dried for 12 hours at 150°C in an
air circulating oven and were then
placed immediately in the microbalance
of the Mettler system. Weight loss was
measured after 1 hour and after 3 hours
at different temperatures in air and in
the inert gas argon.

The following weight losses were recorded:

In air at 380°C after 1 hr: 0.13%,
after 3 hrs 0.34%

at 400°C after 1 hr: 0.25%,

after 3 hrs 0.73%

at 420°C after 1 hr: 0.44s%,

after 3 hrs 1.25%

In argon at 380°C after 1 hr: 0.07%,
after 3 hrs 0.16%

at 400°C after 1 hr: 0.07%,

after 3 hrs 0.17%

at 420°C after 1 hr: 0.15%,

after 3 hrs 0.38%

After 3 hours 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 hours in argon at 380°C, the color
had changed to light brown and at 420°C to

medium brown.

Weight loss and discoloration in-
crease as temperature and time increase
and are less pronounced in argon than in
air. Double lap joint specimens were
produced for performing further investi-
gations into the question of thermal de-
composition. The comparative specimens
were produced without thermal load in a
mold and achieved a shear strength of
50 N/mm2/4/. In the case of the speci-
mens subjected to thermal load, the con-
necting surfaces of the double lap joint
were exposed to air at 400°C for diffe-
rent time intervals before being pressed
in the mold. After 3 hours' thermal
load, the shear strength was only 25% of
the original strength. After 15 min-
utes' thermal load no reduction in
strength was observed. This corres-
ponds to ICI data /S/.

Thermal decomposition can be avoi-
ded under the processing conditions and
processes specified above. During pro-
cessing using the pressing process, all
surfaces with the exception of the front
faces are covered. For the lay-up pro-
cess and the roller process it is pos=-
sible to add or form the next layer
within a period of 15 minutes. A safe
processing time of approx. 15 minutes at
400°C in air would correspond to a compo-
nent of approx. 0.5 m2? (conditions:
laying head, tape width 10 cm). If

several tape laying heads are used together

with wider tapes and possible pre-heating
of the tapes, it is possible to produce
larger components.

1 tape

IV Conclusion

The test results show that, accor-

ding to the structure in question, the
following processes:

*

Pressing in a mold using film and
fiber lay-up

Pressing in a mold using prepregs
Lay-up process.using separate
prepreg layers

Rolling process using prepreg tapes

are also suitable for the manufacture of

larger numbers of items.

The voids ob-

served in some manufacturing techniques

may be reduced by

increasing prepreg

quality.

The pressing process and the for-

ming process referred to above can be

used for many applications.

Thermal

decomposition of the matrix does not
occur under the pressing conditions
specified above.

The roller process is a continuous
process.

When manufacturing tapes and

profiles the residence time of the PEEK
material at the processing temperature
is extremely short and no thermal decom-
position should thus occur.

For the lay-up process, the possibility

of using a CNC device for depositing
layers means that any type of layer struc-
ture and any size of component are pos-
sible.

/1/

/2/

/3/

/4/

/5/
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