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l
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|

ANODIZE THE SURFACEOF A
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CERAMIC METAL MATRIX DIAPHRAGM
FOR LOUDSPEAKERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a continuation of application Ser. No. 09/483,291
filed Jan. 14, 2000, now U.S. Pat. 6,404,897, that is a
continuation-in-part of application Ser. No. 09/226,087 filed
Jan. 5, 1999, now U.S. Pat. No. 6,327,372.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to loudspeakers, and in particular,
to a diaphragm for a loudspeaker that significantly improves
the quality of sound and the usable life of the loudspeaker.

2. Related Art

A typical loudspeaker, as shown in FIG. 1, has a cone
and/or dome diaphragm that is driven by a voice coil that is
immersed in a strong magnetic field. The voice coil is
electrically connected to an amplifier and, when in opera-
tion, the voice coil moves back and forth in response to the
electromagnetic forces on the coil caused by the current in
the coil, generated by the amplifier, and the stationary
magnetic field. The cone and voice coil assembly is typically
suspended by a “spider” and a “surround,” a flexible con-
nector frame. This suspension system allows the cone and
coil assembly to move as a finite excursion piston over a
limited frequency range. Like all mechanical structures,
cones and domes have natural modes or “mode peaks”
commonly called “cone break-up.” The frequency at which
these modes occur is largely determined by the stiffness,
density, and dimensions of the diaphragm, and the amplitude
of these modes is largely determined by internal damping of
the diaphragm material. These mode peaks are a significant
source of audible coloration and, as a result, degrade the
performance of the loudspeaker system.

Designers have tended to take two paths to solve the cone
break-up problem. For small diaphragms such as those
found in dome tweeters, aluminum and titanium are com-
monly used. These titanium and aluminum diaphragms
typically feature a thin anodized layer to provide a specific
color to the visible surface, or to protect the metal from
sunlight, humidity, or moisture. In contrast, for larger dia-
phragms, such as those found in subwoofers, softer materials
such as polymers or papers are commonly used.

When using metal diaphragms, the dome dimensions can
be manipulated such that the first natural modes of the dome
are above the frequency range of human hearing. FIG. 2
shows the frequency response of a typical 1" titanium dome
tweeter (note the large mode peak 22 at 25 kHz). The
amplitude of these modes is usually very high because
metals have very little internal damping. For diaphragms
larger than approximately 1", the dome modes fall into the
audible range. These modes are plainly audible as coloration
because of the high amplitude of the modes. FIG. 3 shows
the frequency response of a typical 3" titanium dome mid-
range speaker (note several large peaks 24, 26, and 28 at 11
kHz, 16 kHz, and 18 kHz). Since the modes fall into the
audible range as the size of the diaphragms increase, metal
diaphragms become less desirable for larger diaphragms.

For larger diaphragms, softer materials such as polymers
or papers are commonly used. These materials have several
natural modes in the band in which they operate. However,
the internal damping of these materials is high enough so
that most of these modes do not cause audible coloration.
The remaining modes are either compensated for in other
parts of the loudspeaker system design, resulting in
increased costs, or are not addressed at all, resulting in lower
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performance. FIG. 4 shows the frequency response of a
typical 5" woofer with a polypropylene cone (note the large
mode peaks 30 and 32 at 4 kHz and 5 kHz).

As an alternative to metal, paper and polymers, ceramic
materials such as alumina or magnesia may be used. These
ceramic materials offer significantly higher stiffness num-
bers and slightly better internal losses than typical metals
such as titanium or aluminum. As a result, the natural modes
of diaphragms made of these materials are moved higher in
frequency and reduced in amplitude and, thus, reduce
audible coloration. Unfortunately, pure ceramics are very
brittle and are prone to shattering when used as loudspeaker
diaphragms. Additionally, making diaphragms of appropri-
ate dimensions can be very expensive. As a result, pure
ceramic loudspeaker diaphragms have not become common.

Table I shows the structural parameters for several com-
mon diaphragm materials.

TABLE 1
PROPERTIES OF DIAPHRAGM MATERIALS

Young’s

Modulus Speed of  Internal Loss
Material (Stiffness) Density Sound (damping)
Paper 4%x10°Pa 0.4 glem® 1000 m/sec 0.06
Polypropylene 1.5x10°Pa 0.9 g/em? 1300 m/sec 0.08
Titanium 110 x 10° Pa 4.5 g/em® 4900 m/sec 0.0003
Aluminum 70 x 10° Pa 2.7 g/lem® 5100 m/sec 0.0003
Alumina 340 x 10° Pa 3.8 glem® 9400 m/sec 0.004

As yet another alternative to metal, paper or ceramic
diaphragms, some designers have designed diaphragms that
are made of both ceramic and metal. These diaphragms are
formed by applying a skin of alumina or ceramic on each
side of the aluminum core or substrate. The alumina thus
supplies the strength and the aluminum substrate supplies
the resistance to shattering. It has high internal frequency
losses. The resulting composite material is less dense and
less brittle than traditional ceramics, yet is significantly
stiffer, and has better damping than titanium. It also resists
moisture and sunlight better than any polymer and is at least
as good as other metals for providing such resistance.

These ceramic/metal cones are typically 3 mils. thick with
a 2.6 mils. thick substrate of aluminum and 0.2 mil. thick
layers of alumina one on each side of the substrate. In these
prior art ceramic/metal cones, the metal substrate repre-
sented approximately 87% of the total thickness of the cone.
Because of the prior art methods of manufacturing the cones,
the amount of ceramic that could be applied to the metal
substrate was limited to a depth of about Y10 of a mil and
therefore the quality that could be achieved through this
method was similarly limited. Thus, a need exists for a
method of anodizing the metal substrate that will allow for
a depth of more than %10 of a mil of ceramic on each side of
the cone and thereby reduce the representative amount of
metal in the cone.

SUMMARY OF THE INVENTION

This invention relates to a speaker diaphragm that is
formed of a matrix, or layers, of a light metal substrate such
as aluminum, positioned between two ceramic layers, pref-
erably aluminum oxide (Al,,0;). The speaker diaphragm is
first formed from the metal substrate. A layer of ceramic is
then placed on each side of the metal substrate at a depth
greater than 1o of a mil through known anodizing methods.
By anodizing at depths greater than 1o of mil, a diaphragm
with the thickness of the metal substrate less than 87% of the
total thickness of the diaphragm can be formed.
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The invention further provides for a loudspeaker dia-
phragm, where the diaphragm is a composite material
formed of at least two layers of ceramic material having a
metal substrate therebetween and where the thickness of the
metal substrate is no more than 86% of the thickness of the
composite material.

Other designs, structures, methods, features and advan-
tages of the invention will be or will become apparent to one
with skill in the art upon examination of the following
figures and detailed description. It is intended that all such
additional designs, structures, methods, features and advan-
tages be included within this description, be within the scope
of the invention, and be protected by the accompanying
claims.

BRIEF DESCRIPTION OF THE FIGURES

The components in the figure are not necessarily to scale,
emphasis instead being placed upon illustrating the prin-
ciples of the invention. In the figures, like reference numer-
als designate corresponding parts throughout the different
views.

FIG. 1 is a cross-sectional view of a typical loudspeaker
transducer.

FIG. 2 illustrates the frequency response of a typical 1"
titanium dome tweeter.

FIG. 3 illustrates the frequency response of a typical 3"
titanium dome, mid-range speaker.

FIG. 4 illustrates the frequency response of a typical 5"
woofer with a polypropylene cone.

FIG. 5 is a partial cross-sectional view applied to a 4"
mid-range cone.

FIG. 6 illustrates the Finite Element Analysis (FEA) of a
typical 4" midrange cone constructed of aluminum.

FIG. 7 shows the FEA of the cone.

FIG. 8 shows the FEA of a cone having an aluminum
substrate that represents 80% of the total cone thickness.

FIG. 9 shows the FEA of a cone having an aluminum
substrate that represents 20% of the total cone thickness.

FIG. 10 shows the FEA of a cone having an aluminum
substrate made of solid ceramic.

FIG. 11 shows the FEA of a 1" dome tweeter as shown in
FIG. 2 except with a ceramic metal matrix dome.

FIG. 12 shows the frequency response of a 4" mid-range
speaker with a traditional aluminum cone.

FIG. 13 shows the frequency response of the same 4"
mid-range speaker in FIG. 12 with a ceramic metal matrix
cone.

FIG. 14 shows the frequency response of the 5" woofer of
FIG. 4 formed with the ceramic metal matrix cone.

FIG. 15 is a block flow diagram of the method of forming
the metal in the cone and the anodizing the metal.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT(S)

FIG. 1 illustrates a typical loudspeaker 10 having a cone
12 and/or dome 14 diaphragm that is driven by a voice coil
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16 that is immersed in a strong magnetic field. The voice coil
16 is electrically connected to an amplifier and, when in
operation, the voice coil 16 moves back and forth in
response to the electromagnetic forces on the coil caused by
the current in the coil, generated by the amplifier, and the
stationary magnetic field. A “spider” 18 and a “surround™ 13,
a flexible connector frame 20 typically suspends the cone 12
and voice coil 16 assembly.

In FIG. 5, a composite diaphragm 38 composed of a metal
core, or substrate 40, with a layer of ceramic material 42 and
44 on either side in appropriate proportions, so as to mini-
mize both cone break-up (extend the frequency range) and
brittleness. The diaphragm 38 is coupled to frame 39
through flexible connector 41 and can be composed of any
metal substrate and any ceramic skin. Of the common
metals, aluminum has the lowest density, making it the ideal
substrate. However, there is no known reason why other
metals, such as copper, titanium and the like should not have
the same advantages as the use of aluminum.

The diaphragm or cone 38 is first formed by using
standard metal forming techniques to form the metal sub-
strate into the desired shape of the diaphragm 38. The
diaphragm 38 is then anodized in a well-known manner. The
technique of forming the cone 38 prior to anodizing the
metal allows for deeper anodizing techniques to be used to
form the cone 38.

FIG. 5 shows the invention in partial cross section as
applied to a 4" mid-range cone. In this example a cone of 3
mils. thickness is composed of a substrate of aluminum of'1
mil. thickness and two layers of alumina, each 1 mil. thick,
one on each side of the core 40.

FIG. 6 shows the Finite Element Analysis (“FEA”) of a
typical 4" mid-range cone 38 constructed solely of alumi-
num. The first natural mode peak 44 of the cone distorts the
flexible connector 41 and occurs at 8 kHz. In contrast, FIG.
7 shows the FEA of the same cone constructed while using
a 1 mil. aluminum substrate and two 1 mil. layers of
alumina, one on each side. The first natural mode 46 of this
cone moves all the way to 15 kHz from the 8 kHz of the cone
of FIG. 6. In other words, the cone “break-up” occurs at 15
kHz as compared to cone “break-up” at 8 kHz of the same
prior art speaker.

FIGS. 8 and 9 show the FEA of cones with aluminum
substrates that represent 80% of the total thickness (FIG. 8)
and aluminum substrates that represent 20% of the total
thickness (FIG. 9), respectively. As can be seen in Table II,
such cone with 80% aluminum substrate has a first “break-
up” mode 47 at 12.4 kHz while a cone with 20% aluminum
substrate has a first “break-up” mode at 15.95 kHz. For
reference, the FEA of a solid ceramic cone is also included
as FIG. 10 where the first “break-up” mode 51 occurs at 16
kHz. The optimum thickness for the aluminum substrate
typically ranges from 20% to 80% of the total thickness of
the diaphragm. For transducer applications, typical thick-
ness of the diaphragm may range from 1 mil. to 25 mils.
thickness. As stated, Table II shows the FEA results of
various percentages of alumina to the total thickness of the
cone from 100% aluminum to 100% alumina.

TABLE 1I

Frequency of

Frequency of the cone’s Frequency of the
Frequency of the cone’s first second cone’s third
Material the cone’s first significant significant significant break-
Type bending mode break-up mode break-up mode up mode
100% 6902 Hz 8410 Hz 11009 Hz 12778 Hz

Aluminum
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TABLE II-continued

80,668 B2

Frequency of

Frequency of the cone’s Frequency of the

Frequency of the cone’s first second cone’s third
Material the cone’s first significant significant significant break-
Type bending mode break-up mode break-up mode up mode
10% Aluminum/ 7840 Hz 12400 Hz 15060 Hz 17340 Hz
80%
Aluminum/
10% Alumina
33% 9903 Hz 15060 Hz 17010 Hz 19050 Hz
Alumina/
33%
Aluminum/
33% Alumina
40% 10100 Hz 15950 Hz 18500 Hz Above
Alumina/ 20000 Hz
20%
Aluminum/
40% Alumina
100% Alumina 11010 Hz 16010 Hz 19050 Hz Above

20000 Hz

As stated earlier, FIG. 2 shows a graph of the frequency
response of a 1" dome tweeter with a traditional titanium
diaphragm. The graph shows that the first resonant peak 22
occurs at 25 kHz.

FIG. 11 shows the frequency response of the same basic
tweeter of FIG. 2 except with a ceramic metal matrix dome.
On this tweeter the first resonant peak 48 has been moved up
to 28 kHz.

FIG. 12 shows the frequency response of a 4" mid-range
loudspeaker with a traditional aluminum cone. The graph
shows the first resonant peak 50 occurs at 8 kHz. FIG. 13
shows the frequency response of the same basic mid-range
loudspeaker except with the ceramic metal matrix cone.
With this midrange speaker, the first resonant peak 52 has
been moved up to 11 kHz as compared to the 8 kHz
frequency of the traditional aluminum cone as shown in FIG.

The graph of FIG. 14 represents a speaker formed with the
composite material has been compared earlier with the graph
of FIG. 2 for the same traditional speaker.

anodizing at least Y2 mil. of the metal on each surface. The

55 resulting tweeter diaphragm formed of a composite material
will then have a 1 mil. ceramic (Al,O;) layer on one surface,

a 4 mil. core and a 1 mil. ceramic (Al,O;) layer on the other
surface. Similarly excellent results were obtained stamping
out a mid-range speaker form from standard gauge 8 mil.

3o metal and anodized to obtain a composite speaker having a
1 mil. layer of ceramic, a 7 mil. core and a 1 mil. layer of
ceramic. Excellent results were also achieved by deep anod-
izing 2 mils. of metal on each surface of an 8 mil. aluminum
form to obtain a composite diaphragm having a 4 mil. layer

35 of ceramic, a 4 mil. core and another 4 mil. layer of ceramic.
Using the same techniques a woofer speaker form can be
stamped from standard gauge 20 mil. metal and anodized to
obtain a composite speaker having a 1 mil. layer of ceramic,

a 19 mil. core and a 1 mil. layer of ceramic. In the past, the

40 anodizing depth was limited to about Y10 of a mil. By using
the thicker standard gauge metal and deep anodizing to at
least 1 mil., loudspeaker quality may be improved while

A 4" mid-range speaker may be used as an example of lowering manufacturing costs.

how to make a ceramic metal matrix diaphragm. The basic

While various embodiments of the invention have been

shape of the diaphragm is shown in FIG. 5 and is formed of 45 described, it will be apparent to those of ordinary skill in the

2 mils. thick aluminum using standard metal forming tech-
niques. The diaphragm is then deep anodized in a well-
known manner. In the preferred example, 0.5 mil. of alumina
penetrates into the aluminum and 0.5 mil. of alumina is
“grown” on the surface of the aluminum on each side, again
in a well-known manner. The resulting cone is approxi-
mately 3 mils. thick with a 1 mil. thick aluminum substrate
and 1 mil. layer of alumina on each side.

Although ceramic/metal/ceramic speakers having a typi-
cal thickness of about 3 mils. have their best performance
when the speaker is made up of 1 mil. ceramic, 1 mil. metal
and 1 mil. ceramic, it has been found that an important
aspect in increasing the speaker performance is that the
ceramic layers be about 1 mil. or greater. Consequently, it
has been disclosed that speakers with very good perfor-
mance characteristics can be achieved with speakers of all
sizes that have at least 1 mil. of anodizing of each surface,
even though the thickness of the metal core is significantly
greater than 1 mil.

As examples only, excellent results have been obtained by
stamping out the shape of a tweeter speaker from standard
gauge 5 mils. sheet metal such as aluminum and then deep

art that many more embodiments and implementations are
possible within the scope of this invention. Accordingly, the
invention is not to be restricted except in light of the attached
claims and their equivalents.

50 What is claimed is:

1. A speaker cone diaphragm, comprising a composite
material of a predetermined thickness, where the composite
material is formed of a metal substrate at least 1 mil thick
between at least two layers of ceramic material at least 1 mil

55 thick, and where the thickness of the metal substrate is no
more than 86% of the thickness of the composite material,
and where the ceramic material is alumina.

2. The speaker diaphragm cone of claim 1, where the
metal substrate is aluminum.

60 3. The speaker diaphragm cone of claim 1, where the
metal substrate and each layer of the ceramic material are of
substantially the same thickness.

4. A speaker diaphragm cone, comprising a composite
material of a predetermined thickness, where the composite

65 material is formed of a metal substrate at least 1 mil thick
between at least two layers of ceramic material at least 1 mil
thick, and where the combined thickness of the ceramic
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material is at least 14% of the thickness of the composite
material, and where the ceramic material is alumina.

5. The speaker diaphragm cone of claim 4, where the
metal substrate is aluminum.

6. The speaker diaphragm cone, of claim 4 where the
metal substrate and each layer of the ceramic material are of
approximately the same thickness.

7. A speaker diaphragm cone, comprising a composite
material of a predetermined thickness, where the composite
material is formed of a metal substrate at least 1 mil thick
between at least two layers of ceramic material at least 1 mil
thick, and where the thickness of the metal substrate is no
more than 80% of the thickness of the composite material,
and where the ceramic material is alumina.

8. The speaker diaphragm cone of claim 7, where the
metal substrate is aluminum.

9. The speaker diaphragm cone of claim 7, where the
metal substrate and each layer of the ceramic material are of
substantially the same thickness.

10. A speaker diaphragm cone, comprising a composite
material of a predetermine thickness, where the composite
material is formed of a metal substrate at least 1 mil thick
between at least two layers of ceramic at least 1 mil thick,
and where the combined thickness of the ceramic material is
at least 20% of the thickness of the composite material, and
where the ceramic material is alumina.

11. The speaker diaphragm cone of claim 10, where the
metal substrate is aluminum.

12. The speaker diaphragm cone, of claim 10, where the
metal substrate and each layer of the ceramic material are of
approximately the same thickness.

13. A speaker diaphragm cone comprising:

a first ceramic layer of predetermined thickness of at least

1 mil;

a second ceramic layer of a predetermined thickness of at

least 1 mil; and

a metal substrate at least 1 mil thick positioned between

the first and second ceramic layers, the

metal substrate having a thickness that is not more than

86% of the total thickness of the first ceramic layer, the
second ceramic layer and the metal substrate, and
where the ceramic material is alumina.

14. The speaker diaphragm cone of claim 13, where the
metal substrate is aluminum.

15. The speaker diaphragm cone of claim 13, where the
metal substrate and each layer of the ceramic material are of
substantially the same thickness.

16. A method of forming a speaker diaphragm, compris-
ing:

providing a metal substrate having a selected thickness of

at least 1 mil;

forming a speaker cone having a first side and a second

side from the metal substrate; and

thereafter anodizing the first and second sides of the

speaker cone with a ceramic material to form a ceramic
layer having a thickness of at least 1 mil on each of the
first and second sides,

where the metal substrate has a thickness that is not more

than 86% of the total thickness of the ceramic layer on
the first and second sides of the speaker cone and the
metal substrate, and where the ceramic material is
alumina.

17. The method of claim 16, where the metal substrate is
aluminum.

18. The method of claim 16, where the metal substrate and
each layer of the ceramic material are of substantially the
same thickness.
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19. The method of claim 16, where the step of forming the
speaker cone further comprises stamping the speaker cone
from the material substrate.

20. A speaker dome diaphragm, comprising a composite
material of a predetermined thickness, where the composite
material is formed of a metal substrate at least 1 mil thick
between at least two layers of ceramic material at least 1 mil
thick, and where the thickness of the metal substrate is no
more than 86% of the thickness of the composite material,
and where the ceramic material is alumina.

21. The speaker diaphragm dome of claim 20, where the
metal substrate is aluminum.

22. The speaker diaphragm dome of claim 20, where the
metal substrate and each layer of the ceramic material are of
substantially the same thickness.

23. A speaker diaphragm dome, comprising a composite
material of a predetermined thickness, where the composite
material is formed of a metal substrate at least 1 mil thick
between at least two layers of ceramic material at least 1 mil
thick, and where the combined thickness of the ceramic
material is at least 14% of the thickness of the composite
material, and where the ceramic material is alumina.

24. The speaker diaphragm dome of claim 23, where the
metal substrate is aluminum.

25. The speaker diaphragm dome of claim 23 where the
metal substrate and each layer of the ceramic material are of
approximately the same thickness.

26. A speaker diaphragm dome, comprising a composite
material of a predetermined thickness, where the composite
material is formed of a metal substrate at least 1 mil thick
between at least two layers of ceramic material at least 1 mil
thick, and where the thickness of the metal substrate is no
more than 80% of the thickness of the composite material,
and where the ceramic material is alumina.

27. The speaker diaphragm dome of claim 26, where the
metal substrate is aluminum.

28. The speaker diaphragm dome of claim 26, where the
metal substrate and each layer of the ceramic material are of
substantially the same thickness.

29. A speaker diaphragm dome, comprising a composite
material of a predetermine thickness, where the composite
material is formed of a metal substrate at least 1 mil thick
between at least two layers of ceramic at least 1 mil thick,
and where the combined thickness of the ceramic material is
at least 20% of the thickness of the composite material, and
where the ceramic material is alumina.

30. The speaker diaphragm dome of claim 29, where the
metal substrate is aluminum.

31. The speaker diaphragm dome of claim 29, where the
metal substrate and each layer of the ceramic material are of
approximately the same thickness.

32. A speaker diaphragm dome comprising:

a first ceramic layer of predetermined thickness at least 1

mil thick;

a second ceramic layer of a predetermined thickness at

least 1 mil thick; and

a metal substrate positioned between the first and second

ceramic layers, the metal substrate having a thickness
of at least 1 mil and that is not more than 86% of the
total thickness of the first ceramic layer, the second
ceramic layer and the metal substrate, and where the
ceramic material is alumina.

33. The speaker diaphragm dome of claim 32, where the
metal substrate is aluminum.

34. The speaker diaphragm dome of claim 32, where the
metal substrate and each layer of the ceramic material are of
substantially the same thickness.



US 7,280,668 B2

9

35. A method of forming a speaker diaphragm, compris-
ing:

providing a metal substrate having a selected thickness of
at least 1 mil;

forming a speaker dome having a first side and a second
side from the metal substrate; and

thereafter anodizing the first and second sides of the
speaker dome with a ceramic material to form a
ceramic layer having a thickness of at least 1 mil on
each of the first and second sides,

where the combined thickness of the ceramic layers is at
least 14% of the thickness of the total thickness of the
ceramic layer on the first and second sides of the

10

speaker diaphragm and the metal substrate, and where
the ceramic material is alumina.

36. The method of claim 35, where the metal substrate is
aluminum.

37. The method of claim 35, where the metal substrate and
each layer of the ceramic material are of substantially the
same thickness.

38. The method of claim 35, where the step of forming the

speaker dome further comprises stamping the speaker dome
from the material substrate.



