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Abstract: The present work shows how to manufacture compésiteection parts with
concave surfaces by robotized filament winding tedbgy. It considers the family of
structural parts whose shape may be obtained bgsng a full section along a closed not
auto-intersecting 3D curve.

The part used to introduce the manufacturing melfa®dconcave surfaces where the roving
deposition is hardly accurate. It has been prodbyeal robotized cell where pneumatic
devices, that are automatically synchronised withrhovements of the deposition system,
allow to wind the roving on concave surfaces hyi@ding fibre bridging and by favouring
fibre compactness. Those solutions have been dasignd implemented in a cell adopting an
anthropomorphic robot.

Some tests have been carried out to evaluate yscphand mechanical properties of the
composite parts manufactured by adopting the pexptechnical solution. The obtained
results show that it is possible to control thersgth of the manufactured composite part by
accurately setting the process parameters usedgdainding, such as winding tension and
air pressure of the auxiliary devices, since is thay the percentage of composite
constituents (resin, fibres and voids) is accuyaget.

1 INTRODUCTION

The present work shows all the steps to manufacimgposite full section parts with
concave surfaces by robotized filament winding tedbgy.

Robotized filament winding technology implies a@bthat winds a roving impregnated by
resin on a die along the directions of stressesvtit&-piece is submitted to in exercise. The
robot moves a deposition system along a windirjgdtary in order to deposit roving. Then,
the part on the winding die is coupled with theseld die and put into the furnace. This
process is characterised by a high repeatabiléyitility and quality for small batch
production of parts, not only for aeronautic antbapace industrial fields. The robotized cell
configuration aims to minimise deposition time atiein, to spread this process in fields near
mass production [1-5].

The present work considers the family of structpeats whose shape may be obtained as a
result of the sweeping of a full section along@sell not auto-intersecting 3D curve. In
particular, this 3D curve represents the path tuartbe full section barycentre (i.e. called
barycentre path) in order to build the part shdpe composite roving used to manufacture



the component has an approximate rectangular sextialler than part full section.
Therefore, the part full section filling can be aibed by moving the roving section inside the
part full section. The roving wound on the dieiiiented as the barycentre path that is the
direction of stresses applied to the part in eserdindependently by stratification, the path
along which the roving has to be wound is generbyedffsetting the barycentre path up to
the barycentre of the roving section; it is calede path. Each coil is due to the sweeping of
the roving section along the base path. Then réjectory along which the deposition system
should move in order to wind the roving along tleéired base path needs to be defined; it is
called winding trajectory. To guarantee an accunateling of the roving on the support, the
winding trajectory must be planned in order to kébeptension on roving as constant as
possible and to avoid collisions among the depwsitiead and the robot arms. The constancy
of the tension allows to align the roving on the diong the direction of stresses applied to
the part in exercise [6-9]. The collisions are deal by defining a proper value of the safety
distance between the deposition system and thengrie.

The present work focuses the attention on thetstraicparts, belonging to the previously
introduced family, with concave surfaces. A concawdace may imply defects inside the
manufactured part, due to the formation of briddesng winding. A bridge forms for a no
mating constraint between the roving and the comcavface of the die during winding, due
to the tension applied on the roving. The bridgeegates a no uniform stress applied to the
roving, when the part is closed between the diesgrries out a residual stress inside the part
when the polymerization is ended. This residu@ssticauses delaminations that may bring
the part to crack.

This work aims to present the technological sohgimtroduced in a robotized filament
winding cell to manufacture the parts shown in Fegli without defects due to bridging.
Those solutions have been designed and impleméngedell adopting an anthropomorphic
robot [10-12]. Many tests have been carried o@viluate the presence of marcel,
delamination and porosity inside the manufactusedes.

The obtained results show that it is possible telgefects (marcel, delamination and
porosity) inside the manufactured parts by acclystting the process parameters used
during winding, such as winding tension and ailspuge of the auxiliary devices.

2 CASESTUDY: A PART WITH THREE CONCAVE SURFACES

A component of the tail rotor hub of an helicogtas been considered to exemplify the
effectiveness and efficiency of the proposed methad a plane ring of 10 mm thickness,
whose boundary surface has three concave zonsspas in Figure 1. It is subjected in
exercise mainly to a tensile stress along the timeof ring main dimension. Therefore, the
roving needs to be oriented along the directiothefapplied tensile stress.

The robotized filament winding technology needbeaused in order to place the roving
oriented according to the direction of the tensitess that is applied to the ring in exercise.
The plane ring has been manufactured in carbomgofwidth of 3.175 mm) impregnated by
epoxy resin.

The plane ring includes a bush constituted by diasss, shown in Figure 2, that allows to
couple the ring with the blade of the helicoptefuher component, constituted by
moulding compound, called filler and shown in Fig@, fills the zones of the ring whereas it
is no possible to place the roving in a right wilye 3D model of the considered ring may be
built as the sweeping of a rectangular sectiongabonlosed not auto-intersecting 2D curve.
This 2D curve is called barycentre path; it hasdlzones with a concave curvature. The
composite roving has an approximate rectangularosesmaller than ring rectangular



section. The winding of the ring is obtained by imgwvthe roving section from one place to
the other, after a while round around the die d@ghe ring rectangular section through coils.
A coil represents the movement of roving sectiorthenwinding die along a 2D curve
obtained by offsetting the barycentre path (sear€i@). A continuous deposition is
implemented from coil to coil up to constitute aing layer deposited on the die and, then,
from layer to layer.
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Figure 3: Roving movement to wind the plane ring



3 ROBOTIZED FILAMENT WINDING CELL

The considered part has been wound by a robotiglédanstituted by an anthropomorphic
robot, a unigue and innovative feeding device andhaing die [10-12], as shown in Figure
4,

Figure 4: Robotized filament winding cell

The robot is an anthropomorphic Kuka, with 6 d,méyload 45 kg, max. reach 2041 mm,
work envelope volume 24 Ynrepeatability <+ 0.15 mm. The feeding device skawnodular
structure constituted by four critical subgroupsnardules: the main frame, the roving-guide
system, the winding tensioner and the depositietesy. It is compact, light and stiff in order
to favour the maximum dexterity of the robot andeduce the probability of crashes among
the components of the cell. The winding die is tituted by two plates that are kept distant
by the bushes of the plane ring previously intrelfd 0-12], as shown in Figure 5. The
accuracy of the winding die influences the shapgktha mechanical performances of the
composiste workpiece.

Roving

Figure 5: Winding die: A: plates to contain the fibre; B: reference pin; C: flanges; D: bushes; E: filler; F:
pin to position the filler

The winding die has been equipped with three pnéardavices to force the roving, once it

is placed on the die, to adhere to the three cansaxfaces of the die (see Figure 6); thus
avoiding the forming of fibre bridging during rogrdeposition (see Figure 7a). These
pneumatic devices allow to keep the roving pressethe die too. The tension, that is applied
to the roving during winding to avoid its torsiailows to press the roving on the die where



the die presents convex surfaces. This pressingnastas higher as lower is the value of the
bending radius of the surface where the rovinddased. It is practically null when the roving
is placed on planes or concave surfaces. Theseaderiay rotate around an axis and may
translate along the same axis by means of pneuactiiators in order to approach or to go
away the concave surface of the die on which thimgoneeds to be placed, as shown in
Figure 7a.b. The movement of these pneumatic devécgynchronised with the movement of
the feeding device that is mounted on the robotlayrmeans of the robot controller.
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Figure 7: Movement of pneumatic device: a, open; b, closed on the die

4 ROVING WINDING PROCESS

The planning of the process to wind the plane hiag involved the definition of the trajectory
to wind a single coil and, then, the identificatmiithe sequence of coils to define the layers



that constitute the work-piece section. For eadhtlee trajectory of the deposition head has
been planned by offsetting the barycentre pathdigtance of 200 mm from the winding die,
as shown by the continuous line in Figure 8. Thmioled trajectory is a sequence of straight
and circular curves, i.e. a regular path, thatdwthe sudden change in deposition head’s
direction and, therefore, makes the occurrencerdion loosens unlikely. In the same time,
this kind of trajectory allows to decrease stroryly winding time, if compared with
alternative logics of trajectory planning.
The value of the winding tension has been fixed@dN, since we have demonstrated in
previous works on convex parts that this valuesasion assures good performances of
manufactured composite parts 11, 12]. The valudetir pressure of the devices used to
keep in position the roving placed on the die dyisninding is equal to 5.5 bar, since this is
the lowest value assuring to avoid fibre bridgifige nominal winding speed of the
deposition head, that is expressed as the peranfabe maximum linear speed of the robot
arms (equal to 2 m/s,) has been fixed to 75%. Taeements of the three pneumatic devices
have been synchronised with that of the deposgj@tem to wind each coil of roving on the
die (see Figure 8).
b
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Figure 8: Movements of the three pneumatic devices during a single coil winding

Once defined the winding trajectory to obtain aykrcoil, it has been planned the number
and the sequence of the coils to deposit on thendieder to obtain a part with the designed
shape and mechanical performances. Analysing tagamship among the ratio between
fibres and matrix, the number of wound layers eofrig and the density of the part after
compactness, of convex parts manufactured by mddfilament winding process, three
values of the number of layers to wind have bedme@, 27, 28 and 29, in order to assure a
porosity inside the part that does not comprontiseniechanical performance of the part, as
presented in the following. Two rings have been ufiactured for each value of the number
of layers, since each ring involves a long tim&iod and to polymerize the composite
material inside the autoclave (about 3 hours). &the tape is wide 3.175 mm, 5 coils have
been used to fill the width of the benchmark ofrd® with an overlap of 1.475 mm between
two following coils. Figure 9 shows the sequenceafs to place on the die in two sections
of the part. Table 1 shows the winding time.

The analysis of the defects inside the manufactpeets has underlined that the possible
causes may be the stress on roving when it is placghe winding die and the scarse
pressure on the roving to make it adhere to theTdierefore, the tension value has been
decreased to 60 N, while the air pressure hasibeesased to 7 bar in order to
experimentally verify if the part quality improvesurther three rings have been manufactured
with the new values of tension and air pressure;rorg for each number of layers (27, 28
and 29 respectively). In the following paragraptes tesults of non-destructive and
destructive tests on the manufactured rings arplgeescribed.
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Figure 9: Coils sequence in eye section

Table 1. Winding time

Deposited Layers[# | Winding time [s]
1 298
27 640
28 663
29 687

5 CLOSURE OF DIESAND POLYMERISATION

Once the winding process is ended, the windindghdiebeen coupled with the closed die by
means of reference pins in order to compress thk-piece, as shown in Figure 10. The
design of the closed die has provided a set oégplat couple with the winding die in order to
simplify the assembly stage, but in the same timaroving the homogeneity of the part,
decreasing the voids presence and increasingntstgeThe alignment of the dies is very
important to assure the alignment of the fibrestamaloid pinching and wrinkles.

Figure 10: Closure between winding and closed dies

Once the component have been closed between tligngidie and the closed die, it has been
placed inside an autoclave to carry out the cupmogess. Curing conditions have used a heat
up rate of 23°C/min, a temperature of 125°C for a time of 90 min and a pressure of



2.7bar, a cool at 60°C. Finally, the benchmarkseHhasen pulled out the die (see Figure 11)
and they have been subjected to tests in ordelettify the quality and therefore the
acceptability of the part.

Detail A Detail B

Figure 11: Manufactured part

RESULTS DISCUSSION
A first visual inspection of the manufactured rifgss underlined that their boundary surfaces
do not present any wrinkle or pinching. To notice presence of marcel and delamination a
X-rays inspection has been carried out. No ma@&gpresent inside all the manufactured
rings that they have been classified inside thescla However, the presence of delaminations
inside the rings manufactured with a tension valugON and an air pressure of 5.5 bar has
led to classify them in classes 3 and 4 connectddanscarce quality level according to
radiographic standards defined by aeronautic filth&se standards take into account the
type, the dimension and the location of defectglaghe part.
The decrease of the winding tension to 60N anddmeemporary increase to 7 bar of the air
pressure of the devices used to force the roviregiteere to the die surface carry out the
absence of delamination inside the manufactureg$ihat are classified inside class 1. In
fact, these two correlated actions, the reductiasiresses on roving during winding and the
increase of the pressure on roving, when it isqaaan the die, seem to improve the
homogeneityand the compactness of component.
Finally, the presence of porosity inside the mactufiied rings has been investigated by a test
that uses ultrasounds. The part is plunged intematd it is invested by ultrasounds; the
presence of porosity inside a part reflects thesttunds and carried out to generate a signal
on an oscilloscope with an attenuate modulus. irgs Mmanufactured with a roving tension
of 70N and an air pressure of 5.5 bar include aouwsrof porosity such that the resulting
composite strength assumes an unacceptable vdlose Tings belong to the classes 2, 3 and
4 of the scale commonly used to qualify aeronapaits, according to the number of layers
used to wind them, 29, 28 and 27 respectively ksgare 12). The ring constituted by 29
layers include the lowest amount of porosity.
To evaluate the effect of the process parametargton (tension decrease to 60 N and air
pressure increase to 7 bar) on the amount of fggrosiuded inside the ring, a further ring
has been submitted to ultrasounds analysis. Tingsisi constituted by the number of layers
that has previously carried out to have the lowesbsity, i.e. 29. The analysis has underlined
no porosity inside the ring that has been includedass 1, as shown in Figure 12.
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29 layers — Class 2, T=70; p=5.5bar

29 layers — Class 1, T=60; p=7bar
Figure 12: Chromatic map of three rings manufactured with a winding tension of 70N

6 CONCLUSIONS

The present work shows how to plan and to carntlmiimanufacturing process of a
structural part in composite material with concaudgaces. The roving winding process
involves the use of pneumatic devices together thighcontrol of the pressure exerted by
these devices on the roving that is wound on tee@nce the winding process is ended, the
obtained component has been closed between thengidie and the closed die and it has
been placed inside an autoclave to carry out thegprocess. The developed process has
been implemented for different values of the wigdiension and of the pneumatic devices air
pressure to manufacture some samples that havesbbeantted to non-destructive tests.
The results show that no marcels are present iadiidiee manufactured samples. However,
the presence of delaminations inside the samplesifaetured with a tension value of 70N
and an air pressure of 5.5 bar has led to cla#s#yn as unacceptable according to
radiographic standards defined by aeronautic fifihg decrease of the winding tension to
60N and the increase to 7 bar of the air presduiteeqpneumatic devices carry out the
absence of delaminations inside the manufactunexbles, since the homogeneity and the
compactness of the samples are improved. Finakyptesence of porosity inside the
manufacturing samples has been investigated bst éhi@t uses ultrasounds. The samples
manufactured with a roving tension of 70N and arpeassure of 5.5 bar include an amount
of porosity to result unacceptable, while those tu& roving tension of 60N and an air
pressure of 7 bar are characterised by no porosity.

Further destructive tests to evaluate the percentagolume of fibres, resin and voids, the
composite density and strength are current mattstudy.
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