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ally external band (3) in composite material comprising carbon fibers. The bell
(2) is co-casted on the radially external band (3). The radially external band
(3) presents side braking surfaces (4) suitable to cooperate with brake calipers
to exert a braking action on a vehicle. The radially external band (3) is shaped
to form a plurality of protrusions (8) of composite material, which protrusions
(8) are placed around a symmetry axis. In a radial plane, a terminal portion
(20) of each protrusion (8) juts radially inwards and tapers towards the sym-
metry axis and the co-casted bell (2) incorporates the terminal portions (20).
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TITLE

“Disc for disc brakes and process for manufacturing the same”

DESCRIPTION
Field of the art
The present invention relates to a disc for disc brakes, to a process for

manufacturing such disc and to a braking system comprising such disc. The
invention is in particular related to disc brakes provided with a braking band made
of composite material comprising ceramic material reinforced with carbon fibers.
The invention is preferably related to disc brakes for motor vehicles, such as high
performance cars. A disc brake comprises a bell, configured to be connected to an
arm of a vehicle to rotate integral with a wheel rim, and an external band provided
with side braking surfaces suitable to cooperate with brake calipers of the vehicle

to exert a braking action on the same.

State of the art
Document DE102009013358A illustrates a brake disc for vehicles. The disc has a

friction ring with an opening and a cup that is molded at the friction ring, where the

cup is made of aluminum and/or the friction ring is made of ceramic e.g.
carbon/silicon carbon composite material. The friction ring is provided with two ring
elements whose front ends are connected with each other by bars that project into
the opening where ends of the bars are molded into a flange of the cup.

Document EP1117943 discloses a method for producing brake disks consisting of
ceramic parts with metal hubs. At least one ceramic part is placed in a diecasting
mould and is joined to melted metals by casting under pressure, in order to obtain
a rotationally symmetrical body. Said body contains at least one ceramic
(composite) segment that is symmetrical to the axis of rotation of the metal body
and projects beyond at least one surface of the metal body that is perpendicular to

said axis.

Object of the invention

The Applicant has observed that the disc manufactured by co-casting of the prior
art, while providing a simpler and cheaper product (since the number of working

steps is lowered, the parts of the assembly are less being absent the mounting
-1-
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hardware such as bolts, mounting of bell and braking band need not to be
performed) cannot grant performance and safety of the traditional discs made of
assembled parts.

The Applicant observed that the critical area of the prior art co-cast discs is the
interface area between friction disc or discs and the metal bell or drum, i.e. the
zones of connection between said friction disc or discs and the metal bell.

These areas are critical for the making process, because of the interaction
between the metal of the bell and composite friction disc. The Applicant observed
that, during cooling of the melted metal, the thermal shrinkage of the same tends
to make the bell depart from the originally matching shape of the radially external
band.

The same areas are also critical during the working life cycle of the brake disc
equipping a vehicle. Indeed, the Applicant observed that such areas presents a
very high level of local stresses due to the transmission of the braking torque from
the radially external band to the bell and then to the vehicle and of thermal
stresses due to energy dissipation occurring during braking.

In such context, the Applicant has set the objective of improving reliability and
performance of the co-cast composite brakes discs and of improving the
manufacturing process of the same in terms of reduction of manufacturing steps
and simplification of each step.

In particular, one objective is to optimize the coupling zones between the bell and
the external braking band both during co-casting and during working of the
finished and installed brake disc.

Summary of the invention

The Applicant has found that such objectives can be obtained by means of a
particular design of the protrusions in composite material which belong to the
external braking band and which are configured to link said band to the inner metal
bell.

More specifically, according to one aspect, the present invention relates to a disc
for disc brakes, comprising a metallic bell and a radially external band extending
around a symmetry axis, said radially external band presenting side braking
surfaces suitable to cooperate with brake calipers to exert a braking action on a

vehicle, said radially external band being of a composite material comprising
-2-
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carbon fibers; wherein at least part of the metallic bell is co-casted on the radially
external band; wherein the radially external band presents a plurality of protrusions
of said composite material, wherein said protrusions are placed around the
symmetry axis; wherein, in a radial plane, a terminal portion of each protrusion juts
radially inwards and tapers towards the symmetry axis; wherein the Dbell
incorporates at least the terminal portions of said protrusions.

According to a different aspect, the present invention relates to a process for
manufacturing a disc for disc brakes, comprising: producing a radially external
band in composite material comprising carbon fibers; wherein the radially external
band is shaped to form a plurality of protrusions of said composite material;
wherein said protrusions are placed around the symmetry axis and jut radially
inwards; wherein, in a radial plane, each protrusion tapers towards the symmetry
axis; inserting said radially external band in a mold cavity; introducing a melted
metal in the mold cavity to form at least part of a bell of the disc co-casted with the
external band; wherein the melted metal partly surrounds said protrusions
provided on the radially external band.

According to a different aspect, the present invention relates to a radially external
band presenting side braking surfaces suitable to cooperate with brake calipers to
exert a braking action on a vehicle, said radially external band being in composite
material comprising carbon fibers; wherein the radially external band presents a
plurality of protrusions of said composite material; wherein said protrusions are
placed around the symmetry axis; wherein, in a radial plane, a terminal portion of
each protrusion juts radially inwards and tapers towards the symmetry axis;
wherein the bell incorporates at least the terminal portions of said protrusions.

In other words, a plurality of said protrusions protrude like teeth from an inner
radial edge of the radially external band and the metal material of the bell partly
surrounds said teeth and lies also between said protrusions. Said protrusions are
preferably equally spaced along a circumferential direction around a symmetry
axis of the disc (which is the axis around which the disc rotates with the wheel).
Please note that a radial plane is a plane extending radially from the symmetry
axis wherein said symmetry axis lies on said plane.

The Applicant verified that the tapering portion of the protrusions made of
composite material, around which the metal of the bell is clung, assures an
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intimate and safe connection between the metal co-casted bell and the external
friction band.

In particular, the Applicant verified that said geometric solution improves the
interaction between the composite material and the melted metal during casting
and the following cooling and solidification in terms of wettability, shrinkage of the
melted metal and stresses.

The Applicant also verified that the tapering portion according to the invention
allows to transmit high braking torques from the band to the bell avoiding at the
same time the generation of dangerous local stresses.

The Applicant also verified that the tapering portion according to the invention
allows to limit the local stresses due to the thermal shock both in the external band
(in particular while braking) and in the inner metal bell (during cooling after
braking).

Further, the Applicant verified that the claimed structure allows to make the
production process of the composite external band, of the bell and of the overall
disc easier and cheaper.

The present invention, in at least one of the aforesaid aspects, can have one or
more of the preferred characteristics that are described hereinbelow.

Preferably, said composite material comprises ceramic material reinforced with
carbon fibers.

Preferably, the metal of the bell is aluminum alloy.

Preferably, the whole metallic bell is co-casted on the external band.

In one aspect, a ratio between a maximum axial dimension and a minimum axial
dimension of the terminal portion of each protrusion is comprised between about
1,5 and about 2,5, preferably between about and about 1,8 and about 2,2.

In one aspect, a ratio between a minimum axial dimension and a radial dimension
of the terminal portion of each protrusion is comprised between about 0,8 and
about 1,2, preferably between about and about 0,9 and about 1,1.

Preferably, the maximum axial dimension is comprised between about 10mm and
about 20mm. Preferably, the radial dimension is comprised between about 5mm
and about 10mm.

The axial dimensions are measured in a radial plane and parallel to the symmetry
axis of the disc.
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In one aspect, said terminal portion presents a first side surface substantially
perpendicular to the symmetry axis (parallel to the side braking surfaces of the
radially external band) and a second slanted side surface axially opposite to the
first side surface. Preferably, said slanted side surface delimits with a plane
parallel to the side braking surfaces of the radially external band an angle
comprised between about 40° and between about 50°. In one aspect, said terminal
portion presents a radially inner surface shaped like a tubular sector. Preferably,
the metal of the bell lies in contact with the first side surface, with the second
slanted side surface and with the radially inner surface. In one aspect, the radially
external band presents an inner tubular surface facing the symmetry axis and
delimiting with each of the first side surfaces of the terminal portions a corner,
wherein the metal of the bell lies in said corner.

In one aspect, said protrusion presents opposite lateral surfaces substantially
perpendicular to a circumferential direction (wherein the circumferential direction is
the tangential direction). Preferably, the lateral surfaces of each protrusion
converge towards the symmetry axis. Preferably, the lateral surfaces lies on radial
planes. Preferably, each protrusion extends circumferentially along an arc
comprised between about 6°and about 15°, preferably between about 8° and
about 12°. Preferably, the metal of the bell lies in contact with said opposite lateral
surfaces. In other words, the lateral surfaces of adjacent protrusions delimit a seat
for the metal of the bell. The metal of the bell exchanges forces (due to the braking
torque) with the protrusions mainly through said lateral surfaces lying on radial
planes and this structure contributes to avoid concentration of local stresses.

In one aspect, the protrusions are axially offset with respect to a median plane of
the side braking surfaces. The median plane is a plane of symmetry of the side
braking surfaces and is parallel to the side braking surfaces. In one aspect, the
protrusions protrude axially from at least one of the side braking surfaces. In one
aspect, each protrusion comprises an axial portion jutting out axially from a side of
the radially external band. In one aspect, the slanted side surface connects each
terminal portion to a respective axial portion. In one aspect, the metal of the bell
lies in contact with said axial portion. In one aspect, the radially external band
presents an outer tubular surface facing the symmetry axis and an annular surface
connecting said inner and said outer tubular surfaces, wherein said protrusions are

formed on said surfaces.
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In one aspect, the radially external band comprises an annular body placed at a
radially inner edge of the radially external band, wherein said protrusions are
formed on said annular body. In one aspect, the annular body is axially offset with
respect to the median plane of the side braking surfaces.

In one aspect, the annular body protrudes axially and radially from a main body of
the radially external band carrying the side braking surfaces. In one aspect, the
annular body presents the outer tubular surface, the annular surface and the inner
tubular surface and carries the protrusions. In one aspect, the terminal portion of
each protrusion protrudes radially from the inner tubular surface. In one aspect,
the axial portion of each protrusion protrudes axially from the annular surface. In
one aspect, the axial portion of each protrusion protrudes radially from the outer
tubular surface.

In one aspect, the radially external band comprises two opposite annular members
connected to each other and each carrying one of the side braking surfaces,
wherein the protrusions are shaped at a radially inner edge of one annular
member only. In one aspect, cooling channels are formed between said two
opposite annular members. In one aspect, the protrusions are axially shifted apart
with respect to said cooling channels. In one aspect, the protrusions are shaped at
the radially inner edges of both annular members. In one aspect, the bell is
connected to radially inner edge of one annular member only. In one aspect, the
bell is connected to radially inner edges of both annular members.

In one aspect, the radially external band is produced by: mixing raw material
carbon fiber reinforced polymer (CFRP); molding the carbon fiber reinforced
polymer; adding the ceramic material by pyrolysis and infiltration into the carbon
fiber reinforced polymer.

In one aspect, after co-casting of the metal bell, the rough co-casted bell is
subjected to machining.

According to a further different aspect, the present invention relates to a braking
system comprising at least a disc according to one or more of the previous
aspects and preferably manufactured according to a process for making a disc

according to one or more of the previous aspects.
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Brief description of the drawings

Further characteristics and advantages will be more evident from the detailed
description of a preferred but not exclusive embodiment of a disc for disc brakes
in accordance with the present invention.
Such description will be set forth hereinbelow with reference to the enclosed
drawings, provided only for exemplifying and hence non-limiting purposes, in
which:
- figure 1 shows a perspective view of a disc for disc brakes according to the
present invention;
- figure 2 shows a perspective view of a sectioned part of an element of the
disc of figure 1;
- figure 3 is an enlarged view of a portion of the sectioned part of figure 2;
- figure 4 shows a different perspective view of the sectioned part of figure 2;
- figure 5 is a plan view of a portion of the element of figures 2 to 4;
- figure 6 is a sectioned and an enlarged view of a particular of the element of
figures 2 to 5;
- figure 7 shows a sectioned half-portion of the disc of figure 1 in a step of the
manufacturing process according to the present invention; and
- figure 8 shows the sectioned half-portion of figure 7 in a different step of the

manufacturing process.

Detailed description of a preferred embodiment of the invention

With reference to figure 1, reference number 1 indicates a disc for disc brakes for
vehicle wheels in accordance with the present invention.

The disc 1 comprises a bell or cup 2 configured to be connected by bolts to the
hub of a vehicle wheel and a radially external band 3 or ring presenting side
braking surfaces 4 suitable to cooperate with brake calipers (not shown) to exert a
braking action on the vehicle. The radially external band 3 presents a central hole
configured to accommodate the bell 2.

The radially external band 3 comprises two opposite annular members 5 which
surround the bell 2, are placed axially side by side and are connected to each
other by means of spacing walls 6. Said spacing walls 6, together with the annular

members 5, delimit inside the radially external band 3 a plurality of cooling
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channels 7 which extend substantially radially. Each of the annular members 5
carries one of the side braking surfaces 4.

The bell 2 is made of aluminum alloy and the radially external band 3 is made of
carbo-ceramic composite material, i.e. ceramic material reinforced with carbon
fibers. The radially external band 3 is manufactured, according to a process known
per-se, by molding a mix of carbon fiber reinforced polymer and then adding, by
pyrolysis and infiltration, ceramic material into the carbon fiber reinforced polymer.
Before pyrolysis and infiltration, the radial external band 3 is drilled to make
ventilation holes.

According to the present invention, the radially external band 3 is shaped to
present a plurality of protrusions 8 jutting out from a radially inner edge 9 of the
radially external band 3 towards a symmetry axis “X-X" of the disc 1 (which is the
axis of rotation of the disc 1 and the wheel). The protrusions 8 delimit a central
passage of the radially external band 3. Such protrusions 8 are made in one piece
with the overall radially external band 3 during the molding process.

According to the embodiment shown in the attached figures, an annular body 10 is
placed at the radially inner edge 9 of the radially external band 3. Said annular
body 10 is coaxial to the symmetry axis “X-X” and is made in one piece with the
annular members 5. As well shown in figures 2, 4 and 6 to 8, the annular body 10
is integral with one of the two annular members 5 and is axially offset with respect
to a median plane “P” of said annular members 5. The annular body is also axially
offset with respect to the mouths of the cooling channels 7 which opens radially
inwards towards the symmetry axis “X-X" (see figure 4) and are in fluid
communication with the ventilation holes. In particular, said annular body 10
protrudes axially and radially from the annular member § which is attached to.

Said annular body 10 presents a circumferential surface 11 facing radially
outwards, i.e. opposite to the symmetry axis “X-X", and joined to the respective
braking surface 4. An annular surface 12 parallel to the braking surfaces 4
develops from said circumferential surface 11. The annular body 10 further defines
a circular step comprising an outer tubular surface 13, coaxial with the symmetry
axis “X-X" and departing from the annular surface 12, a further annular surface 14
departing from the outer tubular surface 13 and parallel to the braking surface 4
and an inner tubular surface 15 departing from the further annular surface 14 and

coaxial with the symmetry axis “X-X". The annular surface 12 develops
-8-
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uninterrupted around the symmetry axis “X-X". The outer tubular surface 13 and
the further annular surface 14 are each made of a succession of portions divided
by the protrusions 8 as explained more in details further on. The inner tubular
surface 15 comprises an uninterrupted portion and a succession of portions
divided by the protrusions 8. The annular surface 12 and the outer tubular surface
13 delimit between them a succession of arched and sharp edges. The outer
tubular surface 13 and the further annular surface 14 delimit between them a
succession of arched and recessed corners. The further annular surface 14 and
the inner tubular surface 15 delimit between them a succession of arched and
sharp edges. The annular body 10 further presents another annular surface 16
axially opposite with respect to said further annular surface 14 and parallel to the
same. Said another annular surface 16 is place close to the mouths of the cooling
channels 7 and faces the median plane “P” of the annular members 5.

Each protrusion 8 is shaped like a sort of tooth which develops from outer tubular
surface 13, the further annular surface 14 and the inner tubular surface 15 and is
made integral (in one piece) with the annular body 10 and with the overall radially
external band 3. Each protrusion 8 comprises an axial portion 17 jutting out axially
from a side of the radially external band 3, in particular from the further annular
surface 14, and presents a front surface 18 developing from the annular surface
12 and flush with said annular surface 12. The front surface 18 is parallel to the
side braking surfaces 4. Lateral surfaces 19 of said axial portion 17 (see figure 3)
connects the front surface 18 with the further annular surface 14. Said lateral
surfaces 19 lie in respective radial planes and therefore converge towards the
symmetry axis “X-X". Each protrusion 8 further comprises a terminal portion 20
(figures 3 and 6 to 8) jutting radially inwards towards the symmetry axis “X-X".
Said terminal portion 20 presents a first side surface 21 (figures 6 to 8) parallel to
the braking surface 4 and facing the cited median plane “P”. Said first side surface
21 develops perpendicularly from the inner tubular surface 15. Said terminal
portion 20 presents a second slanted side surface 22 axially opposite to the first
side surface 21 and developing with no interruption from the front surface 18 of the
axial portion 17. On moving towards the symmetry axis “X-X", the second slanted
side surface 22 moves closer to the first side surface 21 so that, in a radial plane,
the terminal portion 20 tapers towards said symmetry axis “X-X". The second

slanted side surface 22 and the first side surface 21 of each protrusion 8 are
-9-
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connected one to the other by a radially inner surface 23 shaped like a tubular
sector and by two opposite lateral surfaces 24 (figure 3 and 6 to 8). Between the
lateral surfaces 19 of the axial portion 17 and the lateral surfaces 24 of the
terminal portion 20 and between the second slanted side surface 22 and the
radially inner surface 23, a rim surface 25 is delimited which is substantially
parallel to the braking surface 4. The lateral surfaces 19 of the axial portion 17 and
the lateral surfaces 24 of the terminal portion 20 are placed on different and
parallel radial planes.

By way of example, the terminal portion 20 of said protrusion 8 presents a radial

dimension “a” of about 7mm, a maximum axial dimension “b” (measured at the
inner tubular surface 15) of about 10mm, a minimum axial dimension “c’
(measured at the radially inner surface 23) of about 5mm. An axial dimension “d”
of the axial portion 17 of the protrusion 8 measured from the further annular
surface 14 is about 8mm.

Said protrusions 8 are disposed in succession around the symmetry axis “X-X"
and are equally spaced one from the other along the circumferential direction. In
the illustrated embodiment, each of the eighteen protrusions 8 extends
circumferentially along an arc “a” of about 10°. Two subsequent protrusions 8
delimit between them (between facing opposite lateral surfaces 19) a seat 26.
Once that the radially external band 3 with its protrusions 8 is ready, making of the
bell 2 is performed by co-casting on said band 3 the aluminum alloy. To this aim,
the radially external band 3 is placed in a cavity of a mold (insertion in shell) and
melted aluminum is poured in the mold. The cavity of the mold is so shaped that
the melted aluminum partly surrounds the protrusions 8 and enters the seats 26. In
particular, the melted aluminum covers in part the annular surface 12, all the front
surface 18 of each axial portion 17 of the protrusions 8, the first side surface 21,
the second slanted surface 22 and the radially inner surface 23 and the lateral
surfaces 24 of each terminal portion 20 of the protrusions 8. Further, the melted
aluminum covers the inner tubular surface 15, the outer tubular surface 13, the
further annular surface 14 and the lateral surfaces 19 of each axial portion 17 of
the protrusions 8. Once solidified, the bell 2 presents radial lugs which are placed
inside the seats 26 formed between the protrusions 8 of the radial external band 3.
After solidification of aluminum, the disc 1 with the raw bell 2 (shown in figure 7) is

extracted from the mold and sprue removal performed. Then the raw bell 2 is
-10-
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drilled to make holes for the studs of the vehicle hub and for the shaft and
machined to define the plane of coupling 27 with the vehicle hub and the axially
opposite plane 28 (figure 8).

In a further embodiment, not shown, the annular body 10 and the protrusions 8 are
provided on both the annular members and the bell 2 is joined to both said annular
bodies 10.

In a further embodiment not shown, only the radially peripheral part of the metallic
bell 2 which is in contact with the external band 3 is co-casted with said external
band 3 while an inner part of the same bell 2 could be produced separately and

then welded to said radially peripheral part.

-11 -
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CLAIMS
1. Disc for disc brakes, comprising a metallic bell (2) and a radially external
band (3) extending around a symmetry axis (X-X), said radially external band (3)
presenting side braking surfaces (4) suitable to cooperate with brake calipers to
exert a braking action on a vehicle, said radially external band (3) being of a
composite material comprising carbon fibers;
wherein at least part of the metallic bell (2) is co-casted on the radially external
band (3);
wherein the radially external band (3) is shaped to form a plurality of protrusions
(8) of said composite material placed around the symmetry axis (X-X);
wherein, in a radial plane, a terminal portion (20) of each protrusion (8) juts radially
inwards and the co-casted bell (2) incorporates at least said terminal portions (20);
wherein, in a radial plane, each terminal portion (20) tapers towards the symmetry
axis (X-X).
2. Disc according to the preceding claim, wherein said terminal portion (20)
presents a first side surface (21) substantially perpendicular to the symmetry axis
(X-X) and a second slanted side surface (22) axially opposite to the first side
surface (21).
3. Disc according to one of the preceding claims, wherein said terminal portion
(20) presents a radially inner surface (23) shaped like a tubular sector.
4. Disc according to the preceding claim when depending on claim 2, wherein
the metal of the bell (2) lies in contact with the first side surface (21), with the
second slanted side surface (22) and with the radially inner surface (23).
5. Disc according to the preceding claims 2 or 3 when depending on claim 2 or
4, wherein the radially external band (3) presents an inner tubular surface (15)
facing the symmetry axis (X-X) and delimiting with each of the first side surfaces
(21) of the terminal portions (20) a corner, wherein the metal of the bell (2) lies in
said corner.
6. Disc according to one of the preceding claims, wherein each protrusion (8)
presents two opposite lateral surfaces (19, 24) substantially perpendicular to a
circumferential direction, wherein the lateral surfaces (19, 24) of each protrusion
(8) converge towards the symmetry axis (X-X).
7. Disc according to the preceding claim, wherein the lateral surfaces (19, 24)

lies on radial planes.
-12 -
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8. Disc according to the preceding claims 6 or 7, wherein the lateral surfaces
(19) of adjacent protrusions (8) delimit a seat (26) for the metal of the bell (2),
wherein the metal of the bell (2) lies in contact with said opposite lateral surfaces
(19).

9. Disc according to one of the preceding claims, wherein each protrusion (8)
comprises an axial portion (17) jutting out axially from a side of the radially
external band (3).

10. Disc according to the preceding claim when depending on claims 2 to 8,
wherein the slanted side surface (22) connects each terminal portion (20) to a
respective axial portion (17).

11. Disc according to one of the preceding claims, wherein each protrusion (8)
extends circumferentially along an arc (a) comprised between about 6° and about
15°, preferably between about 8° and about 12°.

12. Disc according to one of the preceding claims, wherein the protrusions (8)
are axially offset with respect to a median plane of the side braking surfaces (4).
13. Disc according to one of the preceding claims, wherein the protrusions (8)
protrude axially from at least one of the side braking surfaces (4).

14. Disc according to one of the preceding claims, wherein the radially external
band (3) comprises two opposite annular members (5) connected to each other
and each carrying one of the side braking surfaces (4), wherein the protrusions (8)
are shaped at a radially inner edge (9) of one annular member (5) only.

15. Disc according to the preceding claim, wherein cooling channels (7) are
formed between said two opposite annular members (5) and the protrusions (8)
are axially shifted apart with respect to said cooling channels (7).

16. Disc according to one of the preceding claims, wherein the composite
material comprises ceramic material reinforced with carbon fibers.

17.  Disc according to one of the preceding claims, wherein the metal of the bell
(2) is aluminum alloy.

18. Braking system comprising at least a disc according to one or more of the
previous claims.

19. Process for manufacturing a disc for disc brakes, wherein preferably the
disc (1) comprises the features of one or more of the preceding claims from 1 to
17, wherein the process comprises:
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producing a radially external band (3) in composite material comprising carbon
fibers; wherein the radially external band (3) is shaped to form a plurality of
protrusions (8) of said composite material; wherein said protrusions (8) are placed
around the symmetry axis (X-X) and jut radially inwards; wherein, in a radial plane,
each protrusion (8) tapers towards the symmetry axis (X-X);

inserting said radially external band (3) in a mold cavity;

introducing a melted metal in the mold cavity to form at least part of a bell (2) of
the disc (1) co-casted with the external band (3);

wherein the melted metal partly surrounds said protrusions (8) provided on the
radially external band (3).

20. Process according to the preceding claim, wherein the radially external
band (3) is produced by: mixing raw material carbon fiber reinforced polymer
(CFRP); molding the carbon fiber reinforced polymer; adding the ceramic material

by pyrolysis and infiltration into the carbon fiber reinforced polymer.
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