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The diaphragm, cone, and/or membrane assemblies of the 
audio transducer are critical components. The material 

requirements include not just high stiffness to mass ratio, but 
also robustness and good looks. Companies such as B&W, 
Focal, Accuton, Genesis, Infinity, and Revel have aban-
doned paper and polypropylene in favor of light metals and 
alloys, ceramics, CVD diamond, and/or composite materials. 
Applications and implementations of engineering materi-
als from the defense, aerospace, automotive, and consumer 
industries have clearly raised the state-of-the-art for audio 
transducers; however, there is still work to be done. The fol-
lowing is a tutorial discussion of a high-frequency diaphragm 
model, a low-frequency moving assembly model, and high-
performance materials suitable for cones and domes. 

The objective is to identify the industry’s current state-
of-the-art material development and implementation—that 
is, determine the best diaphragm material—and to indicate 
future opportunities for additional development. The mys-
tique of black magic, secret cone formulae, and potions has 
been replaced by the clarity of organic chemistry, structural 
engineering, and material science that in effect tend to unlock 
technology and innovation. However, specialized FEA simu-
lation and design capabilities are essential for effective audio 
transducer R&D and technology implementation.  

SIMPLIFIED LUMPED MECHANICAL DIAPHRAGM MODEL
I will begin by using a voltage, V, to Force and current, I, 

to velocity electromechanical analogy with an inductance, 
L, to mass, capacitance, C, to compliance and resistance, 
R, to mechanical loss analogies to illustrate the first natural 
bending frequency of a diaphragm,  Hz and 
with damping at that frequency 1/Q 

 
where 

S is the surface area of the diaphragm, m2.
E is the tensile modulus or Young’s modulus of the material, 
N/m2. In isotropic materials (homogeneous properties) the 
shear modulus, µ is related to the tensile modulus, E by the 
Poisson’s ratio, ν, where  N/m2.

 

ρ is the material mass density, kg/m3.
t is the material thickness, m.
δ is the material damping, typically small, ~ 0.010 for 
fiber−epoxy composite to ~ 0.005 for light metals, unit-
less.
Q• is the quality factor related to mechanical losses within 
the diaphragm, unit-less.
x is the AC velocity of the diaphragm, m/s. The magnitude 
of this complex velocity is just 2πf |x| m/s, remembering 
that |x| is the magnitude of displacement of the diaphragm, 
m and f is frequency, Hz, while 2πf is the angular frequency, 
1/s.

The RLC model illustrated in Fig. 1 shows by the 
electromechanical analogy that when an AC force of 
increasing frequency is applied to the diaphragm, at some 
limit there is a natural fre-
quency at which the dia-
phragm begins to bend. The 
diaphragm cannot resonate 
without bending. This 
bending frequency depends 
on the material properties 
and diaphragm geometry, where, for a given material, there 
is an optimum geometry within a mass budget that will  
 
maximize the first bending frequency,   
 
Hz and where . The damping at this frequency is 
related to the material loss property. The material damping 
of high and very high performance materials is typically 
small. The objective is then to push bending modes to fre-
quencies greater than 12kHz and ideally to 30kHz rather 
than damp in band natural frequency bending modes.

The problem in practice is much more entailed than 
the model indicates; although the critical parameters of 
modulus, density, thickness, and surface area are identified. 
Typically, cone and dome depth or height is limited by 
process as is minimum thickness. Finite Element Analysis is 
used to simulate the effects of geometry and material prop-
erty perturbations on the natural frequencies and bending 
mode shapes of the diaphragm assembly. However, clearly 

FIGURE 1: High-frequency diaphragm model.
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a large cone will have lower bending frequencies than a 
small cone and then implicitly, a large cone needs to be 
thicker than a small cone. The methodology is to itera-
tively converge on an optimum design solution. Loudsoft’s 
FINECone is a convenient and powerful FEA software 
application for the simulation and design of single laminate 
cones and domes.

COMMON METALS FOR  
CONE AND DOME APPLICATIONS

Beryllium is a chemical element with the symbol Be 
and atomic number 4 on the periodic table of the elements. 
Beryllium is a steel grey, strong, very lightweight yet brittle 
alkaline earth metal. The element is not known to be neces-
sary or useful for either plant or animal life. The use of beryl-
lium metal presents technical challenges due to the toxicity, 
especially by inhalation of dusts containing beryllium.

Beryllium is a relatively rare element in both the Earth 
and the universe. Beryllium reserves are located around the 
world excepting in the Middle East. The US is currently 
the largest producer of beryllium products and while it does 
have large known reserves, particularly in Utah, there are 
several other important known global deposits of beryllium. 
Estimates are that more than 50% of the planet’s beryllium 
deposits are located in Brazil, Uganda, and Russia.

Aluminum is a ductile member of the boron group of 
chemical elements. It has the symbol Al and atomic number 
13. It is not soluble in water under normal circumstances. 
Aluminum is the most abundant metal in the Earth’s crust, 
and the third most abundant element overall, after oxygen 
and silicon. It makes up about 8% by weight of the Earth’s 
solid surface. Aluminum is too reactive chemically to occur 
in nature as a free metal. Instead, it is found combined in 
over 270 different minerals. The chief source of aluminum 
is bauxite ore.

Magnesium is a chemical element with the symbol Mg 
and atomic number 12. Magnesium is the ninth most 
abundant element in the universe by mass. It constitutes 
about 2% of the Earth’s crust by mass, and it is the third 
most abundant element dissolved in sea water. Magnesium 
ions are essential to all living cells, and is the 11th most 
abundant element by mass in the human body. The free ele-
ment (metal) is not found in nature. Once produced from 
magnesium salts, this alkaline earth metal is now mainly 
obtained by electrolysis of brine and is used as an alloying 
agent to make aluminum-magnesium alloys.

Titanium is a chemical element with the symbol Ti 
and atomic number 22. It is a fairly light, strong, lustrous, 
corrosion-resistant (including to sea water and chlorine) 
transition metal with a grayish color. The element occurs 
within a number of mineral deposits, principally rutile and 
ilmenite, which are widely distributed in the Earth’s crust 
and lithosphere, and Ti is found in almost all living things, 
rocks, water bodies, and soils.

The material properties of these light metals are listed 
in Table 1. When oxidized by deep anodizing, Keronite, 
or some other processes, these metals become metal oxide 
ceramics.  

COMMON CERAMICS 
Beryllia or Beryllium Oxide (BeO) is a white crystal-

line oxide. It is notable as an electrical insulator with a 
thermal conductivity higher than any other non-metal. Its 
high melting point leads to its use as a refactory. It occurs 
in nature as the mineral bromellite. Historically beryllium 
oxide was called glucina or glucinium oxide.

Alumina or Aluminum Oxide is an amphoteric oxide 
of aluminum with the chemical formula Al2O3. Aluminum 
oxide is an electrical insulator but has a relatively high ther-
mal conductivity. In its most commonly occurring crystal-
line form, it is called corundum.

Magnesia or Magnesium Oxide is a white solid mineral 
that occurs naturally as periclase and is a source of magne-
sium. It has an empirical formula of MgO. It is formed by 
an ionic bond between one magnesium and one oxygen 
atom. Magnesium oxide is easily made by burning magne-
sium ribbon which oxidizes in a bright white light, resulting 
in a powder.

Titania or Titanium Oxide is the naturally occurring 
oxide of titanium, chemical formula TiO2. It occurs in 
nature as the well-known naturally occurring minerals 
rutile, anatase, and brookite. The most common form 
is rutile, which is also the most stable form; anatase and 
brookite both convert to rutile on heating.

The change in material properties after oxidation and 
from metal to ceramic is quite remarkable and not always 
intuitive. Caution is advised; ceramics are brittle. The 
material properties of four common ceramics are listed in 
Table 2.

LIGHT METAL ALLOYS FOR  
CONE AND DOME APPLICATIONS

AlBeMet 162 is a metal matrix composite alloy of 62% 
beryllium and the balance aluminum. AlBeMet is the regis-
tered trademark of Brush Wellman.

AlBeMet 140 is a metal matrix composite alloy of 40% 
beryllium and the balance aluminum.

TABLE 1: COMMON LIGHT METAL MATERIAL PROPERTIES.
Property Beryllium Aluminum Magnesium Titanium

Density, ρ 1,840kg/m3 2,699kg/m3 1,740kg/m3 4,500kg/m3

Young’s Modulus, E 303 × 109 Pa 68 × 109 Pa 44 × 109 Pa 116 × 109 Pa

Speed of sound, √E/ρ 12,832 m/s 5,019 m/s 5,029 m/s 5,077 m/s

Tensile strength 240 × 106 Pa yield 90 × 106 Pa yield 115 × 106 Pa yield 140 × 106 Pa yield

Poisson’s ratio, ν 0.07 – 0.18 0.33 0.35 0.34

Thermal conductivity 216W/m – K 210W/m – K 159W/m – K 17W/m – K

Electrical conductivity 2.3 × 107 1/Ω - m 3.7 × 107 1/Ω - m 2.2 × 107 1/Ω - m 1.8 × 106 1/Ω - m

TABLE 2: COMMON CERAMIC MATERIAL PROPERTIES.
Property Beryllia (BeO) Alumina (Al2O3) Magnesia (MgO) Titania (TiO2)

Density, ρ 2,850kg/m3 3,960kg/m3 3,400kg/m3 4,000kg/m3

Young’s Modulus, E 350 × 109 Pa 370 × 109 Pa 250 × 109 Pa 250 × 109 Pa

Speed of sound, √E/ρ 11,000m/s 9,700m/s 8,600m/s 7,900m/s

Tensile strength 220 × 106 Pa 300 × 106 Pa 165 × 106 Pa 140 × 106 Pa

Poisson’s ratio, ν 0.26 0.22 0.28 0.27

Thermal conductivity 285W/m – K 30W/m – K 9W/m – K 12W/m – K

Electrical conductivity ~0 ~0 ~0 ~0
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Dural Aluminum is a high strength, low weight alloy of 
typically 95% aluminum, 4% copper, and 1% magnesium; 
in the solution heat-treated and aged condition, mechanical 
properties are as good as, or better than, low-carbon steel.

5052 Aluminum is another high strength, low weight 
alloy of typically 97.5% aluminum and 2.5% magnesium.

The resultant material properties of light metal alloys 
are enhanced but are really quite intuitive based on 
the properties of the component metals. Mr. Gordon 
Simmons, Product Line Manager at Brush Wellman USA, 
has informed me that no transducer diaphragms have been 
implemented using AlBeMet 162 foil, although there are a 
limited number of AlBeMET 140 implementations. The 
cost of AlBeMET foil relative to pure beryllium is only mar-
ginally reduced and thus beryllium has gained popularity 
with high frequency and performance transducer applica-
tions. Typical material properties of some light metal alloys 
are listed in Table 3.

The light metals and light metal alloys listed require 
a treatment of some kind to inhibit corrosion except for 
titanium, which is inherently corrosion resistant. With 
beryllium there is also the issue of toxicity. Keronite can 
isolate this toxicity and/or protect from corrosion (www.
multimediamanufacturer.com/articles/mowrykeronite.
pdf) with a ceramic coating even in applications where 
abrasion is a concern. The oxidation of AlBeMet during 
the Keronite process results in both BeO and Al2O3. The 
properties of these ceramics are excellent but Al2O3 is high 
density, ~ 4,000kg/m3. The thickness of the oxidation, the 
duration of the process, must be limited and controlled. 
Keronite treatment is available in Malaysia and China. An 
approximation of the resultant effective material proper-
ties of AlBeMet diaphragms after treatment are listed in 
Table 4.

CVD diamond and CVD silicon carbide are truly cut-
ting edge materials. Development of CVD Diamond/
CVD Silicon Carbide/CVD Diamond sandwich com-
posite should result in larger diaphragm and cone imple-
mentations such as a 2 to 3″ midrange or twiddler. Pure 
CVD Diamond cones are cost and process prohibitive. 
Tweeter dome prices with the sandwich material should be 
below beryllium and certainly pure diamond. The speed of 
sound property of this sandwich composite surpasses every 
available material except diamond itself. This includes 
pure beryllium. The sandwich topology typically also 
moderately improves damping of bending modes. Material 
properties are listed in Table 5.    

ENGINEERING FIBERS FOR  
CONE AND DOME APPLICATIONS

Carbon Fiber is a material consisting of extremely thin 
fibers composed mostly of carbon atoms, which are bonded 
together in microscopic crystals that are more or less aligned 
parallel to the long axis of the fiber. The crystal alignment 
makes the fiber incredibly strong for its size. Several thousand 
carbon fibers are twisted together to form a yarn, which may 
be used by itself or woven into a fabric. Carbon fiber can be 
combined with a resin and wound or molded to form com-
posite materials to provide a high strength-to-weight ratio 
material. The properties of carbon fiber such as high tensile 
strength, low weight, and low thermal expansion make it 
very popular in aerospace, military, and motorsports, along 
with other competition sports. The unique appearance of 
carbon fiber also makes it popular for cosmetic purposes.

Kevlar (Aramid) Fiber is a class of heat-resistant and 
strong synthetic fiber. They are used in aerospace and mili-
tary applications, for ballistic rated body armor fabric, and as 
a nontoxic asbestos substitute. The name aramid is a short-
ened form of “aromatic polyamide.” They are fibers in which 
the chain molecules are highly oriented along the fiber axis, 
so the strength of the chemical bond can be exploited.

Zylon Fiber is a new high-performance fiber developed 
by Toyobo in Japan. It consists of rigid-rod chain molecules 
of poly(p-phenylene-2,6-benzobisoxazole)(PBO). It is typi-
cally used for body armor applications. Zylon HM is con-
sidered the next generation fiber and an upgrade to Kevlar.

Dyneema (Polyethylene) Fiber is the world’s strongest 
and lightest fiber (by weight). Polyethylene fiber is, pound-
for-pound, 10 times stronger than steel and up to 40% 
stronger than aramids. It floats, resists chemicals and water, 
and exhibits superior fiber-to-fiber abrasion. Polyethylene 
fibers are used in numerous applications, including police 
and military ballistic vests, helmets and armored vehicles, 
sailcloth, fishing lines, marine cordage and lifting slings, 
cut-resistant gloves, and a wide range of safety apparel.

The material properties of these high-performance engi-
neering fibers are listed in Table 6. To implement fibers 

TABLE 3: LIGHT METAL ALLOY MATERIAL PROPERTIES.
Property AlBeMet 162 AlBeMet 140 Dural (Al/Cu/Mg) 5052 Al(Al/Mg)

Density, ρ 2,071kg/m3 2,280kg/m3 2,800kg/m3 2,680kg/m3

Young’s modulus, E 193 × 109 Pa 158.5 × 109 Pa 73 × 109 Pa 70 × 109 Pa

Speed of sound, √E/ρ 9,654m/s 8,338m/s 5,106m/s 5,110m/s

Tensile strength 276 × 106 Pa yield 172 × 106 Pa yield 420 × 106 Pa break 325 × 106 Pa yield

Poisson’s ratio, ν 0.17 0.2 0.33 0.33

thermal conductivity 212W/m – K 210W/m – K 147W/m – K 138W/m – K

electrical conductivity 2.9 × 107 1/Ω - m 2.8 × 107 1/Ω - m 2.0 × 107 1/Ω - m 2.0 × 107 1/Ω - m

TABLE 4: METAL MATRIX COMPOSITE PROPERTIES. 
Property Keronite over AlBeMet 162 Keronite over AlBeMet 140

Density, ρ (9%/82%/9%) 2,290kg/m3 (9%/82%/9%) 2,500kg/m3

Young’s modulus, E composite modulus composite modulus

Speed of sound, √E/ρ ~ 10,000m/s ~9,000m/s

Tensile strength 270 × 106 Pa 200 × 106 Pa

Poisson’s ratio, ν 0.2 0.2

thermal conductivity 200W/m – K 200W/m – K

electrical conductivity ~0 (Keronite insulated) ~0 (Keronite insulated)

TABLE 5: CHEMICAL VAPOR DEPOSITION MATERIAL PROPERTIES.
Property DVD Diamond CVD Silicon Carbide Diamond/SiC/Diamond

Density, ρ 3,515kg/m3 3,210kg/m3 3,260kg/m3

Young’s modulus, E 1,050 × 109 Pa 466 × 109 Pa composite modulus

Speed of sound, √E/ρ 17,300m/s 12,050m/s ~13,000m/s

Tensile strength 750 × 106 Pa 470 × 106 Pa >500 × 106 Pa

Poisson’s ratio, ν 0.10 0.21 0.20

Thermal conductivity 1,800W/m – K 300W/m – K >400W/m – K

Electrical conductivity ~0 ~0 ~0
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into cones or domes a binder material, typically epoxy 
resin, is required. Table 7 lists the material properties of a 
50%/50% composite mixture of fibers and resin.

TEPEX sandwich 108, 208, and 308 from Bond-
Laminates are sandwich composite cone materials with 50% 
glass fiber, 50% carbon fiber, or 50% aramid fiber—50% 
epoxy resin skins and a Rohacell foam core, respectively. 
These cones are typically quite thick, from about 2mm 
to 10mm. The stiffness, resultant damping, and trans-
mission loss through the cone are outstanding (www. 
multimediamanufacturer.com/articles/mowry307.pdf ). 
Zylon-epoxy or Dayeema-epoxy composites could be sub-
stituted for the skin material based on stiffness and mass 
requirements. Zylon fibers offer a material of even higher 
performance than carbon or aramid fiber, while Dayeema 
offers good performance with a reduced density and thus 
mass (~20%).

ROHACELL is a process friendly Poly-Methacryl-Imide 
(PMI) rigid closed cell foam with isotropic material proper-
ties that can be used for lightweight sandwich construction. 
The natural color is white. It has excellent mechanical 
properties including high material damping, , 
high dimensional stability under heat, good solvent resis-
tance, and outstanding creep compression resistance. The 
mechanical properties are currently not exceeded by any 
foam product having comparable density. Rohacell, which 
is thermoformable, is furnished only in sheet form. Table 
8 lists the material properties of a few Rohacell grades suit-
able for sandwich composite cones and for a typical epoxy 
resin.

Note that IG indicates Industrial Grade; WF indicates aero-
space grade (medium temperature); and XT indicates high 
service temperature grade. The lowest available density is listed 
within the respective grades.  Rohacell 31 IG from 2 to 8mm 
thick is what is typically used in sandwich composite cones.

The addition of spaced high specific stiffness materials 
with a Rohacell foam core has shown to be an excellent way 
to achieve both high stiffness and good damping along with 
high transmission loss through the membrane. B&W has 
led the industry in the development of woofer cones using 
carbon fiber, epoxy resin, and Rohacell foam for their leg-
endary 800 Series loudspeakers (www.bowers-wilkins.com/
display.aspx?infid=788&artid=1578). 

The simulation and design of sandwich composite cones 
and domes is a much more complex problem than single 
laminate diaphragms. The capability to understand, simu-
late, and design sandwich cones and domes has become 
essential for competitive transducer and loudspeaker R&D. 
There are no commercial software applications that facili-
tate simulation and design of sandwich composite cones 
and domes.

Fortunately, S. M Audio Engineering has developed 
proprietary dynamic natural frequency FEA that has the 
capability to simulate the bending mode shapes, natural 
frequencies, and composite modal damping at those natu-
ral frequencies. Simulation examples were illustrated in a 
discussion of metal sandwich composite cones published in 
the May 2006 issue of Voice Coil (www.audioxpress.com/ 
magsdirx/voxcoil/addenda/media/mowry506.pdf). The solu-
tions are facilitated by axisymmetric composite shell finite 
elements that contain the material properties and thickness 
of each material layer within the elements and a nonlinear 
geometry behavioral model. This is a powerful engineering 
tool that can determine the optimum material(s) and mate-
rial/layer thickness(s) for sandwich composite designs and 
implementations including CVD on substrates.  

With this background, in Part 2 next month, I will order 
the materials discussed by the speed of sound (Specific 
Stiffness), then by the materials’ effective mass density, and 
finally by order of the respective rank in speed plus density. 
This will help to identify the “best” material; however, there 
are other criteria such as brittleness (scary), thermal and elec-
trical conductivity, maximum service temperature, corrosion 
and UV resistance, cost, process, and cosmetics.      VC 

TABLE 7: 50% FIBER – 50% EPOXY COMPOSITE PROPERTIES.
Property Carbon–Epoxy Kevlar–Epoxy Zylon–Epoxy Dyneema-Epoxy

Density, ρ 1,680kg/m3 1,510kg/m3 1,555kg/m3 1,260kg/m3

Young’s modulus, E 110 × 109 Pa 90 × 109 Pa 140 × 109 Pa 60 × 109 Pa

Speed of sound, √E/ρ ~8,000m/s ~8,000m/s ~9,000m/s ~7,000m/s

Tensile strength 1,800 × 106 Pa 1,600 × 106 Pa 2,700 × 106 Pa 1,600 × 106 Pa

Poisson’s ratio, ν 0.33 0.33 0.33 0.33

Thermal conductivity ~0 ~0 ~0 ~0

Electrical conductivity ~0 ~0 ~0 ~0

TABLE 6: ENGINEERING FIBER MATERIAL PROPERTIES.
Property Carbon Aramid Zylon HM Polyethylene

Density, ρ 1,810kg/m3 1,470kg/m3 1,560kg/m3 970kg/m3

Young’s modulus, E 228 × 109 Pa 179 × 109 Pa 280 × 109 Pa 110 × 109 Pa

Speed of sound, √E/ρ 11,223m/s 11,035m/s 13,397m/s 10,649m/s

Tensile strength 3,800 × 106 Pa 3,450 × 106 Pa 5,800 × 106 Pa 3,500 × 106 Pa 

Poisson’s ratio, ν 0.33 0.33 0.33 0.33

Thermal conductivity ~0 ~0 ~0 ~0

Electrical conductivity ~0 ~0 ~0 ~0

TABLE 8: ROHACELL & EPOXY RESIN PROPERTIES.
Property 31 IG 51 WF 71 XT Epoxy resin

Density, ρ 32kg/m3 52kg/m3 75kg/m3 1,550kg/m3

Young’s modulus, E 36 × 106 Pa 75 × 106 Pa 105 × 106 Pa 3.75 × 109 Pa

Speed of sound, √E/ρ 1,061m/s 1,021m/s 1,183m/s 1,555m/s

Tensile strength 1.0 × 106 Pa 1.6 × 106 Pa 2.2 × 106 Pa 76 × 106 Pa

Poisson’s ratio, ν 0.3 0.3 0.3 0.3

Maximum service temperature 180° C 205° C 240° C >180° C
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Having said all that, first I will order the materials dis-
cussed by the speed of sound (Specific Stiffness), then 

by the materials’ effective mass density, and finally by order 
of the respective rank in speed plus density. This will help 
to identify the “best” material; however, there are other 
criteria such as brittleness (scary), thermal and electrical 
conductivity, maximum service temperature, corrosion and 
UV resistance, cost, process, and cosmetics.

 
1. CONE AND DOME MATERIALS IN ORDER OF 

EFFECTIVE SPECIFIC STIFFNESS, 
2. CVD DIAMOND (B&W, ACCUTON, JANTZEN)

CVD DIAMOND/CVD SILICON CARBIDE/CVD 
DIAMOND (R&D)

3. BERYLLIUM (FOCAL, REVEL)
4. CVD SILICON CARBIDE (R&D)
5. KERONITE/AlBeMet 162/KERONITE (R&D)
6. ALUMINA (ACCUTON, INFINITY)
7. AlBeMet 162 (R&D)
8. KERONITE/AlBeMet 140/KERONITE (R&D)
9. AlBeMet 140 (KRK) 
10. ZYLON–EPOXY (R&D)
11. CARBON–EPOXY (COMMONLY USED)
12. KEVLAR–EPOXY (B&W)
13. DYNEEMA–EPOXY (R&D)
14. ZYLON–EPOXY/ROHACELL/ZYLON–EPOXY (R&D) 
15. CARBON–EPOXY/ROHACELL/CARBON–EPOXY 

(B&W, TEPEX)
16. KEVLAR–EPOXY/ROHACELL/KEVLAR–EPOXY 

(KRK, TEPEX)
17. DYNEEMA–EPOXY/ROHACELL/DYNEEMA–

EPOXY (R&D)
18. ALUMINUM ALLOY (SEAS)
19. TITANIUM (REVEL, COMMON PROFESSIONAL 

APPLICATIONS)
20. MAGNESIUM (SEAS)

CONE–DOME MATERIALS IN  
ORDER OF EFFECTIVE DENSITY/AREA

1. DYNEEMA–EPOXY
2. KEVLAR–EPOXY 

3. ZYLON–EPOXY 
4. CARBON–EPOXY 
5. MAGNESIUM 
6. BERYLLIUM  
7. AlBeMet 162   
8. AlBeMet 140   
9. KERONITE/AlBeMet 162/KERONITE
10. KERONITE/AlBeMet 140/KERONITE
11. ALUMINUM ALLOY
12. DYNEEMA–EPOXY/ROHACELL/DYNEEMA–EPOXY  
13. KEVLAR–EPOXY/ROHACELL/KEVLAR–EPOXY  
14. ZYLON–EPOXY/ROHACELL/ZYLON–EPOXY  
15. CARBON–EPOXY/ROHACELL/CARBON–EPOXY 
16. CVD SILICON CARBIDE
17. CVD DIAMOND/CVD SILICON CARBIDE/CVD 

DIAMOND
18. CVD DIAMOND 
19. ALUMINA 
20. TITANIUM 

ORDERED BY SUM OF RANK IN  
SPECIFIC STIFFNESS PLUS MASS

1. BERYLLIUM (9)
2. ZYLON–EPOXY (13)
3. KERONITE/AlBeMet 162/KERONITE (14)
4. AlBeMet 162 (14)
5. DYNEEMA–EPOXY (14)
6. KEVLAR–EPOXY (15)
7. CARBON–EPOXY (15)
8. AlBeMet 140 (17)
9. KERONITE/AlBeMet 140/KERONITE (18)
10. CVD DIAMOND (19)
11. CVD DIAMOND/CVD SILICON CARBIDE/CVD 

DIAMOND (19)
12. CVD SILICON CARBIDE (20)
13. ALUMINA (25)
14. MAGNESIUM (25)
15. KEVLAR–EPOXY/ROHACELL/KEVLAR–EPOXY (25)
16. ZYLON–EPOXY/ROHACELL/ZYLON–EPOXY (28)
17. ALUMINUM ALLOY (29)
18. DYNEEMA–EPOXY/ROHACELL/DYNEEMA–EPOXY (29)
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19. CARBON–EPOXY/ROHACELL/CARBON–EPOXY (30)
20. TITANIUM (39)

My choice for the “best” material for tweeters to midbasses 
diaphragms and cones is beryllium with Keronite/AlBeMet/
Keronite being a close second. The high speed of sound, 
~10,000m/s, low density (less than one-half titanium), 
good thermal conductivity, high strength makes these mate-
rials very special. For more information on AlBeMET and 
Be foils, contact Gordon Simmons at gordon_simmons@
brushwellman.com.  Zylon-epoxy and the other fiber based 
composites have process-related thickness constraints. The 
light metal alloys and Be can be formed much thinner 
resulting in less moving mass.

For midbass, woofer, and subwoofer cones and domes, I 
agree with B&W’s and Focal’s engineers in that the fiber–
epoxy/Rohacell/fiber–epoxy sandwich composite offers the 
best solution. Such implementations result in a reasonably 
light, stiff diaphragm with good inner damping and good 
transmission loss of sound pressure through the cone.

Zylon and Dyneema were developed for the ballistic and 
armor applications and like Kevlar have found their way 
into loudspeaker diaphragm applications already. Kenwood 
touts adding Zylon fibers to some of their PP cones and 
Dyneema’s manufacturer is recommending speaker cones 
as an application.

Silicon Carbide is currently also being used as a ceramic 
fiber additive to some composite material cones and with 
titanium as an alloy. This material certainly warrants 
investigation. The speed of sound is only surpassed by Be 
and CVD diamond. CVD diamond coated CVD SiC is 
another very high performance sandwich composite imple-
mentation with extraordinary properties, a lower cost alter-
native to diamond diaphragms. However, like diamond the 
density of SiC is quite high, greater than 3,200kg/m3. 

LUMPED NONLINEAR MECHANICAL  
MOVING ASSEMBLY MODEL
Bli(x) is the nonlinear AC force, N.
Rms(x) is the nonlinear lumped mechanical losses of the 
surround and spider, Ns/m.
Mms is the lumped mass of the moving assembly, kg.
Cms(x) is the nonlinear lumped compliance of the sur-
round and spider, m/N.

Figure 2 contains an illustration of a lumped parameter 
RLC model of the moving assembly. The voice coil drives 
the diaphragm and there are boundary conditions that have 
stiffness and losses. Applying the same relationships that 
were used in Fig. 1, there is a natural frequency,

 Hz, where

  N/m.

Then the total stiffness, Kms(x) is the sum of the stiffness 
of the surround and the stiffness of the spider, Kms(x) = 

Ksur(x) + Ksp(x)  N/m.
The stiffness of the surround and spider depend 

on the Young’s modulus property and geometry. The 
geometry can change nonlinearly with displacement, x. 
At high frequencies where the diaphragm can bend, f1, 
displacement is small and that analysis is linear; while 
at low frequencies, at or about f0, displacement is at a 
maximum but there is no diaphragm bending. A nonlin-
ear geometry model and large displacement simulation 
are required to effectively simulate and design surrounds 
and spiders.

 N/m, the nonlinear  
 
 
stiffness of the surround.

Then Rms(x) = Rsur(x) + Rsp(x)  Ns/m, the total system 
nonlinear mechanical losses. 

 Ns/m,  
 
 
the nonlinear mechanical losses related to the surround.

Finally, considering the two models illustrated in Figs. 1 
and 2, the ideal bandwidth limits of the transducer are f0 < 
f < f1, between the first two natural frequencies.

ELASTOMER MATERIALS  
FOR SURROUND APPLICATIONS
NBR—Nitrile-Butadiene Rubber is a synthetic rubber 
copolymer of acrylonitrile (ACN) and butadiene.  
SBR—Styrene-Butadiene Rubber is another elastomeric 
copolymer consisting of styrene and butadiene. 
Natural Rubber—An elastic hydrocarbon polymer that 
naturally occurs as a milky colloidal suspension, or latex, 
in the sap of some plants; however, it can also be synthe-
sized. Natural (NR) and/or synthetic rubbers (NBR and/
or SBR) can also be blended together.  
EPDM—Ethylene Propylene Diene Monomer rubber 
with the diene(s) of EPDM rubbers identified as DCPD 
(dicyclopentadiene), ENB (ethylidene norbornene), and 
VNB (vinyl norbornene).

Table 9 lists the material properties of these rubbers.
SANTOPRENE—A thermoplastic elastomer (TPE) that 

FIGURE 2: Low-frequency moving assembly model.
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is the mixture of EPDM rubber and polypropylene.   
TEEE—Hytrel 3078 and Arnitel EL250 are Thermoplastic 
poly Ether-Ester Elastomers that provide the flexibility of 
rubbers, the strength of plastics, and the processibility of 
thermoplastics.

Table 10 lists the material properties of three thermo-
plastic elastomers. Santoprene is commonly used but is 
difficult to bond to and usually requires cyanoacrylate 
(CA).

The high modulus and high strength of the TEEE 
materials allows for a much thinner but still more robust 
surround than rubbers or Santoprene.  With the den-
sity of the TEEE materials only moderately higher than 
Santoprene and the rubbers, this maps into a net mass 
reduction. The thinner surround is also more linear with 
respect to large displacement reaction force and thus sur-
round stiffness. I discussed this topic in the January 2006 
issue of Voice Coil (www.audioxpress.com/magsdirx/ 
voxcoil/addenda/media/mowry-teee.pdf ).

CARBON BLACK—A material that is typically 
produced by the incomplete combustion of petroleum 
products. It is similar to soot but with a much higher 
surface area to volume ratio. Carbon black is often used 
as a pigment and reinforcement in rubber and plastic 
products. It tends to increase hardness and modulus 
while also increasing UV resistance when added to elas-
tomers.

Again there are no commercial software applications 
that have the capability to simulate the large displacement 
nonlinear stiffness of the surround and/or spider com-
ponent parts. Fortunately, S. M. Audio Engineering has 
developed axisymmetric structural FEA with a nonlinear 
geometry model. This FEA facilitates large displacement 
nonlinear reaction force versus displacement and nonlin-
ear stiffness versus displacement analysis along with static 
nonlinear surround buckling analysis. 

This is a powerful engineering tool for surround and 
spider simulation and design including non-constant 
material thickness (node thickness) modeling of molded 
surrounds and material layers (composite elements). 

The resultant implementation(s) based on FEA simula-
tions can then be compared to subsequent diaphragm 
scans and nonlinear parameter acquisition using the 
KLIPPEL Analyzer System or equivalent. The results 
are not only important to R&D but also to marketing, 
the end user, and the industry. Better sound through 
engineering, science, and technology is the “correct” 
methodology.

The importance of the surround (edge) material and 
geometry should not be underestimated. The surround 
provides a flexible boundary at the OD termination. 
TEEE materials and new “tall” roll geometry have been 
identified. By using AlBeMet 162 as a substrate with 
Keronite treatment with a Hytrel or Arnitel molded sur-
round, a reduction in diaphragm assembly moving mass 
of up to 50% can be realized relative to an aluminum 
oxide ceramic membrane with a rubber surround. 

Additionally, new surround and cone geometries 
have been identified that can improve the performance 
and looks of the diaphragm assembly. The Keronite/
AlBeMet/Keronite cone with a molded TEEE surround 
is very robust and easy to bond to. Frankly, these super 
materials result in diaphragms that are so robust as to 
be suitable for automotive and marine applications. 
However, the primary application is ultra hi-fi.

The Keronite treatment does improve the effective 
speed of sound at the cost of increased density but only 
moderately. However, the mode shapes are also mod-
erately affected. The I-beam analogy of the sandwich 
structure does help to distribute the bending modes 
throughout the cone or dome somewhat, but the main 
objectives of using the Keronite are to seal the beryllium 
to prevent user exposure and to make the membrane 
environmentally robust, corrosive, and UV-resistant. 
Typically the latter is the function of Keronite applica-
tions within the automotive industry for aluminum and/
or magnesium parts.

The voice coil bobbin material’s requirements are 
similar to the cone and dome. Titanium is a good choice 
if the bobbin can be kept reasonably short. Electrical 
conductivity is low; thermal conductivity is moderate; 
strength is high but the density is also a bit high. Another 
topic of importance is the neck joint adhesive that will 
bond the cone or dome to the voice coil bobbin. The 
requirements are high temperature operation, good 
thermal conductivity, high strength, and low density. 
An adhesive that meets these requirements is a high 
temp aluminum-filled one-part heat cure epoxy such as 
ECCOBOND.

The material properties listed have not been verified in 
all cases. They are typically from their respective manu-
facturers’ datasheets. These do include companies such 
as Dupont, DSM, Rohm and Haas, Evonik (Degussa), 
Toyobo, GoodFellow, Exxon Mobil, and Brush Wellman 
that are “high-tech defense contractors” and suppliers of 
parts and materials to the aerospace industry.

I hope the quest for “unobtainium” will continue 
along with the development of new simulation and 

TABLE 9: NATURAL AND SYNTHETIC RUBBER MATERIAL PROPERTIES.
Property EPDM 70 Natural Rubber SBR NBR

Density 950kg/m3 930kg/m3 950kg/m3 1,150 – 1,350kg/m3

Young’s modulus 0.003 × 109 Pa 0.003 ×109 Pa 0.003 × 109 Pa 0.003 × 109 Pa

Tensile strength 7.7 × 106 Pa Break 7.0 – 28.0 × 106 Pa 7.0 – 28.0 × 106 Pa 6.9 – 24.1 × 106 Pa

Poisson’s ratio 0.48 0.48 0.48 0.48

Hardness 73 Shore A 25 – 95 Shore A 35 – 95 Shore A 30 – 90 Shore A

Maximum service  150° C 85° C 90° C 110° C
temperature

TABLE 10  TPE MATERIAL PROPERTIES
Property Hytrel 3078 Arnitel EL250 Santoprene 70

Density 1,070kg/m3 1,080kg/m3 970kg/m3

Young’s modulus 0.028 × 109 Pa at 20° C 0.025 × 109 Pa at 20° C 0.005 × 109 Pa

Tensile strength 24 × 106 Pa break 13 × 106 Pa break 11.3 × 106 Pa break

Poisson’s ratio 0.45 0.45 0.47

Hardness 30 Shore D 25 Shore D 80 Shore A

Minimum Melt Temperature 177° C 180° C 177° C
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design methodology including new engineering tools. 
The areas of most interest seem to be in super alloys, 
synthetic fibers, and sandwich composite materials 
including chemical vapor deposition on substrate(s). 
Fortunately, there is a technological trickledown effect 
from the aerospace, automotive, and electronics indus-
tries into the loudspeaker industry. There is still impor-
tant work to do. Comments, questions, and/or concerns 
are welcome and encouraged. Send all communications 
to steve@s-m-audio.com.        VC
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