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SUMMARY 

A large number •of corrugated d.iaohragms of beryllium 
copper, phosphor bronze, and Z-nickel, having geometrical-
ly similar outlines but of various diameters and thickness-
es, were formed. by hydraulic pressing. The apparatus and 
the technique used in the manufacture, the testing, and. 
the heat treatment are described.. 

The shape of the diaphragmswas such that the central 
deflections were nearly proportional to the differential 
pressures up to d.eflections of 2 percent of the diameter. 
The pressure-deflection characteristics of the various di-
aphragms were correlated with the thickness, the diameter, 
and the elastic properties by dimensional analysis to ob-
tain formulas and charts ap1icableto the design of simi-
lar diaphragms. The formula 

= 2.25.x 1O5 (tio)'52 

t x io 
holds for values of ----.-- over tae range from 1 to 4. 

Outside this range, the exponent is larger. In the formu-
la, t, D, and X refer to the thickness, the diameter, 
and. the central deflection of the diaphragm, respectively; 
P. refers to the differential pressure causing the deflec-
tion X; and F, a function of the elastic moduli, has.the 
values 18.9, 17.5, and. 28.4 x 106 pounds er square inch 
for beryllium copter, phosphor bronzes and Z-nickel, re-
spectively. 

For'comparison, some data are presented for flat. dia-
phragms and for corrugated, diaphragms differing slightly 
from the standard design. The use of the experimental re-
sults in the selection or the design of corrugated dia-
phragms is briefly discussed.
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INTRODUCTI ON 

Metallic diaphragms, singly or in pairs as capsules, 
find a wide use in pressure-measuring instruments o many 
types. The comDactness, the simplicity, and, the cheap-ness 
of diaphragms as well as th wide range of load, sensitiv-
ity, and deflection characteristics available -recommend 
their use, especially in aeronautic instruments. There 
are, however, certain limitations in practice that confront 
the designer who wishes tomake use of diaphragms in any 
given application. For one thing, there are no rational 
design formulas to predi.ct the behavior of corrugated dia-
phragms. Even for the limiting case of flat disks, where 
theory has led to the developuiont of performance equations 
(references 1 and 2), convenient charts, tables, or other 
aids to design are not yet available. The use of corru-
gated disks makes possible larger deflections and affords 
a control of the shape of the load-deflection-curve. It 
is possible to set theoretical limits to the gain in de-
flection that can be achieved by corrugating disks (refer-
ence 1'), but there is no way of predicting, excep t in a 
general qualitative fashion, the performance to be expect-. 
ed for a given type of corrugation. Th,is practical d.iff-
culty is serious because it is always desirable to use the 
diaphragm best suited to the specific application; the 
selection of the best form of diaDhragm by the trial and 
rejection method may involve conid.erabie development ex-
pense.	 - 

Diaphragm instruments are subject to various errors 
arising from the imperfect elastic properties of the dia-
phragm. materials, evident in the phenomena of hysteresis, 
drift, and aftereffect. Hysteresis is the discrepancy in 
a load cycle between the load-deflection curves for increas-
ing and decreasing pressures. Drift is the change in de-
flection, at a constant differential pressure, that occurs 
with time. Aftereffect is the difference in zero position 
before and after a cycle of loading. For many applications, 
especially in aeronautic instruments, the errors arising 
from these sources must be less than 0.1 percent of the 
maximum deflection. This relatively high standard of per-
formance is achieved by limiting the load to values that 
will not stress the material •to.near its yield point, by 
using those materials with the best elastic properties, by 
following closely a satisfactory technique of manufacture 
coupled with selection on the basis of inspection, and jn 
some mea-sure by calibrating at a rate corresponding to the 
manner of use,	 -
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With imperfect knowledge of the distribution of stress 
in diaphragms under load and. of the laws governing drift, 
hysteresis, and aftereffect, experience alone can tell 
which material, which shape, or which technique of prepa-
ration, will, result in producing the diaphragms with the 
most desirable properties. 

It is apparent that experimental investigation is re-
quired to obtain performance data concerning the many pos-
sible types of corrugation, to check the existing theories, 
to furnish an empirical basis for design formulas, and to 
guide the development of more general theories. 

In the present investigation, a start has been made 
on some phases of the general problem. Apparatus permit-
ting control of clamping and. forming pressures was Con-
structed. for forming diaphragms of various size and thick-
ness. The diaphragms were made with similar outl-ines, in 
order that the data on various sizes could be easily used 
in developing design formulas by dimensional analysis. 
Diaphragms were made of beryllium copper, phosphor bronze, 
and Z-nickel. 

The deflections of each diaphragm were measured under. 
increasing and decreasing pressures. Typical data are shown 
graphically. The load-deflection dat.a thus obtained were 
correlated by dimensional analysis to obtain a general for-
mula that applies to the particular corrugation outline used. 

less complete data available on diapiragms with other 
corrugation shapes have also been correlated in this man-
ner to obtain some indication of the effect of changes in 
shape. Some work was done on the deflection characteris-
tics of diaphragms subjected to concentrated central. loads. 

TIUs investigation has been carried out with the coop-
eration and financial assistance of the National Advisory 
Committee for Aeronautics. 

MANUFACTURE AND HEAT TREATMENT OP THE DIAPHRAGMS 

Manu'acture of Corrugated Diaphragms 

Corrugations may be formed in diaphragms by any of the 
usual metal-working methods: spinning, hydraulic pressing, 
or mechanical stamping. Spinning appears to introduce more
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variations in the finished diaphragms than the other meth-
ods and requires more skill and •time. Mechanical stamping 
or pressing generally requires two dies and. a means of hold-
ing the edge of the diaphragm. With hydraulic pressing On-
ly one die is required, which may also serve to. clamp the 
edge of the diaphragm. On the basis of these and other 
considerations the method. of hydraulic pressing was chosen 
for this work. 

Four dies were made, with dimensionally similar out-
lines or corrugations as, shown in figures 1 and 2. The ef-
fective diameters D of the diaphragms formed with these 
dies were 1-1/2, 2 2-1/2, and	 inches. The rim width 
w3s one-fourth inch for all sizes. The outside diameter 
was the same for all the dies so that they could be used. 
interchangeably with the one base. 

The apparatus used for making the diaphragms included: 
a hand-operated hydraulic press of 18 toils capacity; a hy-
draulic pump, also iand. operated; the dies; a base. for the 
die; paper gaskets; dental d.an rubber; and circular metal 
blanks. The press was used to clamp the die and its base 
and was also used in the course of testing the diaphragms. 
Figure 3 is a photograph of the press with the testing appa-
ratus. When 'the press was used for making the diaphragms, 
the micrometer tip A, seen projecting below the upper platen 
in figure 3, could be screwed up out of • the way. The hy-
draulic pump was connected bysmall. pressure tubing to the 
base ' 5 (fig.. 2). In operation, the clamping force was made 
greater than the,hyd.raulic force exerted by the pump in 
forming the diaphragm. The difference between these two 
forces was the effective clamping force. The clamping 
pressure was seldom less than 10,000 pounds per square inch 
of rim area. The forming pressures used were from 1,000 to 
9,500 pounds per square inch, depending on the size and the 
thickness of the diaphragm.' 	 ' 

The die rested in its base with the blank between them. 
The pressure fluid was conducted to the lower side of the 
blank through the hole in the die base shown in figure 1. 
Annular rings (1/32 inch thick) were laid in the base to 
center the blank and the gasket. The die was automatically 
centered by the cylindrical projecting rim of the base. 
Each die had vent holes (see figs. 1 and 2) to allow the 
air between the blank andthe die to escape. 

Since blanks of several 'diameters 'were needed and fa-
cilities for stamping them from the metal strip were not
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available, the technique worked, out for cutting them on a 
lathe is of some practical interest. The metal strip was 
cut with snips or cutter into squares or other shapes 
slightly larger than the size d'eired. A number of these 
pieces were piled together as a Dack. The pack was held. 
in a lathe between a plane cutting face held, on the chuck 
and apressure pad of the sa me diameter as the desired 
blanks, which was mounted by a ball bearing to the tail-
stock. The ball bearing allowed. sufficient pressure to be 
applied by means of the tailetock screw to hold. the pieces 
of strip firmly while they were being cut with a sharp 
tool and. also permitted. the work to turn at as high a speed 
as was necessary for smooth cutting. 'The slight roughness 
sometimes noticed on the edges of the blanks could. be quick-
ly removed by drawing the blank through emery cloth held in 
the fingers. Including a thicker brass plate between the 
pressure pad and the pack, and cutting both, was found. to 
result in smoother edges. 

Paper gaskets were found. to be necessary to prevent' 
leakage between the blank and the base at high forming 
pressures. They were conveniently made on the lathe by 
the same technique as was used. in cutting 'the metal blanks. 

In the formation of a diaphragm, the procedure was 
as follows: the paper gasket and. the blank were placed. on 
the pressure base; the die was placed on top; the die and. 
the pressure base together were placed in the press and 
clamped with a force sufficient to overcome the hydraulic 
forming foice and to clamp the edge of the diaphragm with 
a pressure up to 10,000 pounds per square inch; then, hy-
draulic pressure up to 9,500 pounds per square inch, de-
pending on the thickness, was applied. After the pressures 
were released, the formed diaphragm was removed.. The pres-
sures necessary to force the'berylliuin copper blanks fully 
into the die are approximately those given in table I. Usu-
ally these pressures were exceeded by 40 to 50 percent, 
just to be sure of fully forming the diaphragms. A number 
of diaphragms were made at lower pressures. These dia-
phragms were not fully formed. and their load-deflection 
characteristics 'differed from the typical, as discussed 
later in the secti'on' on Results. ' A few diaphragms were 
made with a thin rubber sheet (dental dam, 0.012 inch thick) 
between the blank and the die; these' diaphragms also had 
characteristics different from those of the fully formed 
diaphragms 

A number of fully formed diaphragms were made in two
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stages, first using the rubber backing and then completing 
the forming without the backing. This method gave a more 
uniform thickness for the various corrigations. By this 
11 two-stage" method, diaphragms could be made of harder ma-
terial than could be formed directly in one stage. 

Most of the diaphragms were made from rolled she et 
of phosphor bronze and. beryllium copper. The nominal 
thicknesses were 2; .4, 5, 8, and. 13 thousandths of an inch 
for Be-Cu; and 2, 3, 4, and 6 thousandths for phosphor 
bronze. 

For further comparison, a few diaphragms were made of 
0.006-inch and 0.008-inch Z-nickel, a comaratively new 
corrosion-resistant alloy containing more than 98 perceit 
nickel. Like beryllium copper, it can be formed when in a 
soft condition, aiM hard.ened by subsequent heat treatmemt. 
The Z-nicke]. was obtained through the courtesy of the In-
ternational Nickel Cdm pany, who also heat treated the dia-
phragms made of this material. 

Most of the beryllium topper was in the annsaled,. or 
dead-soft, condition. This material, except for the 0.008-
inch thickness, and. the 0.002-inch thickness in the large 
diameters, showed no tendency to break or tear while being 
formed. Some diaphragms were made of quarter-hard berylli-
um copper, by the two-stage forming technique. Lower 
clamping pressures were used in the first stage, to permit 
slight pulling inof the edges. Th rubber allowed, a more 
even stretchingof the metal, as was evident in the result-
ing thickness of the final diaphragms. The variations in 
thickness measured at the various corrugations were as much 
as 15 percent in diaphragms formed In one sge; whereas, 
in those formed. ln.two stages, the corresponding variation 
was seldommore than 5 percent. 

A preliminary heat treatment, described, in the next 
section, was required to soften the phosphor bronze so 
that it could be fully formed. in the dies. 

The Z-nicke]. in the soft condition was found to be too 
hard to form in one stage and was therefore formed in two 
stages. Even with this method., the half-hard material 
could not be formed. in the dies. The harder ma'terials 
could probably be used with dies having shallower corruga-
tions or less abrupt bends.
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Heat Treatment and. Seasoning 

The phosphor bronze was hard-rolled and. could. not be 
fully formed in the dies, breaking or tearing when less 
than half formed. Experimentation showed that. this mate-
rial could be sufficiently softened. to allow full forming 
in one stage in all the dies. The procedure was to put 
the phosphor-bronze blanks, surrounded. with carbon in a 
small cast-iron chamber, in a furnace at 425 C. for 2-1/2 
hours and then to allow the chamber to cool in. the air for 
1 hour before removing the blanks. 

After forming, the phosphor-bronze diaphragms showed 
pronounced. drift and. aftereffect, which could. be removed. 
by seasoning, i.e., by repeated working, or by heating, or 
by a combination of both. Experiment showed. that 250, or 
more, cycles of loading were necessary to reduce the after-
'effect to less than i0	 inches following a deflection of
0.02 of the diameter, if no heating were given the dia-
phragms. Heat treatment similar to the initial softening 
treatment with furnace' temperatures of 2000 C.' or higher 
reduced. the necessary number of loading cycles. After the 
diaphragms were given this type ofheat'treatment with te 
furnace at 300 0 0. , no working was necessary to get re-
peatable load-deflection data and the stiffness was not 
noticeably affected; this.treatment was therefore made a 
part of the standard. p rocedure. ThephosphOr bronze was 
always heated in carbon to avoid. the scaling due to oxida-
tion, which occurred. in air even at 3000 C. 

After being formed, the beryllium-cOpper diaphragms 
were heat treated by being placed in an electric furnace 
at 300 C., aud.kep t there for 1 hour. Clamping of the 
diaphragms during heat treatment was found. to be unneces-
sary and. actually undesirable because it caused distortion. 
The heating was done in air. A very thin oxide film formed 
on the .surface; this film could be easily removed by hydro-
chloric acid, if desired.. The oxide film gave a dark color 
to the. diaphragm but, inasmuch as it did not change the 
performance, it was usuall y not removed., except at the cen-
ter, as apreliminary to soldering on the center reinforc-
ing disks or to provide a clean electrical contact for the 
micrometer point. 

Composition and Hardness of the iaphragm Materials 

The compositions of the beryllium copper and. the phos-
phor bronze were determined. by chemical analysis of the
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scrap cliopins and. turnings obtained. in cutting the 
blanks from the strips. The average percentaes.of the 
various a1loyin elements were as o11ows.: 

Beryllium copper	 Phosphor bronze 

	

(percent)	 (percent) 

Copper	 97..3	 95 

Phosphorus	 -.	 0.18 to 0.29 

Beryllium	 2.3	 - 

Tin	 -.	 4.6 

Iron	 .03	 .01 

Nickel	 26	 - 

Lead..	 .01	 - 

The results of hardness measurements taken on these 
materials in various conditions are iveü in table II. 
The heat treatments referred. to in the table are the ones 
described, in the previous section. The hard.ness.measure-
ments were mad,e on a Knoop indentation machine, which is 
well adapted for measurements of thin materials (reference 
3). Loads ranin.fr.om 50 to 1,000 crams were used, de-
p ending on the thickness of th sheet. The indentation 
numbers in table II may be considered roughly equivalent 
to the 'Brinell numbers that might be obtained. on much 
thicker specimens of the same materials. 

Center Reinforcing and. Mounting Disks 

Mast diaphramson which measurements were taken were 
equipped. with reinforcin disks as a part of the regular 
manufacturing process. The disks were of copper or phos-
phor bronze 0.03 inch thick. They were soldered on after 
heat treatment of the d.iaphrams, in the center of the con-

	

vex side. Their diameters were 	 D/4, the same as that

of the uncorrugated central area. 

The purpose of the disks was to stabilize the central 
part and. to make the construction correspond. to what is 
usually necessary in practice where. an  indicating mechan-
ism; contacts, or mounting connections are fastened to the 
center of the diaphragm.
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Et-chi ng. 

The object of mak1n diaphragms of various diameters 
and thicknesses was to obtain data -on diaphragms over a 
large range of values of the ratio of thickness to diamo-
tér, t/D. In order to extend the range covered by the 
available th-ic.knesses and. diameters and to obtain data for 
intermediate values, some diaphragmswere made thinner by 
etching their inner surfaces with dilute nitric acid. The 
diaphragms so treated seemed to be almost exactly similar 
in performance to unetched. diap hragms -having corresponding 
values of t/D. This result is shown later in figure 9. 

.0ne diaphragm wa-s reduced from 0.005 to.0.00l inch in 
thickness by-repeated etching. measurements being taken 
after each- -of eight reduction -s in thickness.	 - 

TEST-iNS THE DIAPHRAGMS 

Practically all of the previous workers with diaphragms 
have noted the necessity for uniform clamping of the edges 
of diaphragms under test. The characteristics of diaphragms 
depend considerably on- the initial stresses., especially ra-
dial tensions, in the material. iThen comparati-ve data are 
obtained, care must therefore- be taken that th& method of 
clamping used either introduces no stresses at all or 
stresses different diaphragms in the same way and. by the 
same amount. Fo.r this reason, a method of testing was 
evolved. in which a hydraulic press is used to clamp the 
diaphragms. The consistent results obtained. indicate that 
this method. obviates many difficulties. - 

The testing apparatus may be seen in. figure 3. The 
steel pressure chamber B has four annular steps to fit 
the four different diameters. Steel cylinders such as C 
of 1/4-inch wall thickness, which is the width of the rims 
of tie diaphragms, were constructed. with inside-diameter-s 
equal to the effective diameters	 of the diaphragms. 

For the tests, a greased paper-gasket was placed on 
the annular step in the pressure chamber, the diaphragm 
was placed on it, the cylinder was seated. on the rim of the 
diaphragm, and the assembiy -was cent ered on the lower plat-
en of the press. when the lower platen was raised, the cyl-
inder clamped. the diaphragm directly under the micrometer 
A mounted in a hole through the upper platen.
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The pressure on the diaphragm was applied by means of 
hand-operated air pump (not shown) and was measured by 
water or mercury manometers, M. The accuracy of the pres-
sure measurements was better than 0.5 millimeter on the ma-
nometers. The micrometer, held. by an insulating Bakelite 
bushing in the upper platen, was connected to a graduated 
wheel E, 12.5 inches in diameter, the rim of which was 
ruled with 500 divisibns. The micrometer screw had 40, 
threads to the inch, so that each division or unit on the 
wheel corresponded to a movement of 5 X 10	 inches. 
Readings were estimated to tenths of a wheel unit and could 
be repeated with about this precision. The accuracy of 
measurement is, of course, not so great as the sensitivity 
indicated but, for measurement of drift or aftereffect, 
the sensitivity of the measuring apparatus is more impor-
tant than 'the absolute accuracy. An electric circuit was 
arranged so that, when the micrometer touched the diaphragm, 
current flowed, in a galvanometer, moving a spot of light 
reflected from the galvanometer mirror. Thus contact could 
be visually determined., A voltage o only 1-1/2 to 3 volts 
was used, and the current was limited 'by a 0.5 megohm re-
sistance to avoid s parking or arcing. The micrometer was 
fitted with a small rounded tip of steel; the surface of the 
diaphragm or reinforcing disk was cleaned and polished over 
the central area where the micrometer touched. 

In order to obtain the pressure-deflection data on a 
diaphragm, the zero reading was first taken with no pres-
sure, then the micrometer was screwed up, a small pressure 
was applied, and the micrometer was screwed down to make 
contact. Manometer and micrometer readings were then re-
corded, and the process, was repeated at a somewhat higher 
pressure. Alternatively, it was possible by careful ad,-
justment of the pressure to obtain a..desired , deflection to 
within a few tenths of a wheel unit (approximately l0 
inches). 

No appreciable drift or hyteresis occurred within a 
range of deflection up to 0.02 of the diameter a±ter the 
diaphragms had. 'been deflected a few times. Therefore much 
of the testing could be done by stepwise loading 'or by re-
leasing the pressure after each test point. 

As a quick method of estimating the deflections at 
which drift would be significant, the pressure was re-
leased after each test point and the zero reading was ob-
tamed. The load limit was taken as the pressure that 
caused an. increase in the zero reading of more than 
inches.
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- .The pressure chamber was designed. so that the dia-
phragm could 'be tested: with either side up. Since the out-. 
line is not symmetrical about the plane of the rim . , the 
load-deflection characteristics would. b ex p ected, to be 
different in the t'o directions. A few diaphragms were 
tested in both directions, but most. of the diaphragms were 
tested with the pressure. applied only to the convex side. 

In the tests with ooncentrated . .loa.ding at the center, 
loads were applied to the centers o.f diaphragms by a rod 
carried by a balance beam., resting on a knife edge 1.0 
inches from the center of the. diaphragms. Th,e beam ex-
tended over the diaphragthrough a slot in thewall of 
the cylinder, Hth this arrangement, p ressure loads and 
central loads could be simultaneously appliedin opposite 
d.lrections, • The pressure necessary to neutralie the de-. 
ulection d.ueto a small central load is the same as the 
pressure which, acting alone, would give the same de'1ec-
tion as the central 1ocI alone. This relation is not nec-
essarily true for large loads owing to the difference in 
stress distribution under the, two types of loading. 

The temp erature of 'the apparatus was not closely con-
trolled, but the room temperature was usually within a few 
degrees of 23° C.and. had änegligible variation during 
any one test. After the p ressure was chai:ed, it was nec-
essary to wait half a minute or so for the temperature and 
pressure of the air. in the pressure chamber to attain equi-
librium. 

The thickness of each "diaphragm was measured in each 
corrugation, us:aally at four or eight equally spaced points. 
A micrometerfjtted. with ball contact points was used for 
these measurements. 

EXPERIMENTAL RESULTS 

Although most of the testing consisted in obtaining 
load-d3ficjon data within the elastic limit, a number of 
testes were made on one or more diaphragms 'to obtain somQ 
knowledge of other properties of the diaphragms. 

Pressure-.Deflectjon Curves 

The relationship between pressure' and deflection for 
the various sizes, thicknesses, and kinds of diaphragms
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was the main object of investigation, and. involved. the test-
ing of hundreds of diaphragms. The results of each mdi-
viclual test cannot conveniently be giren in detail; nor 
would any particular benefit be obtained from voluminous 
tables or group of graphs giving such data. T .ypical curves 
of the deflection at the center against p ressure applied. on 
the convex side are given in figure 4 for several different 
diaphragms of beryllium cop p er, all of which had reinforc-
ing diks at the center, as revious1y described. These 
curves show qualitatively the effect of variations in 
thickness and. diameter and. the progressive change in stiff-
ness with the rati.o of thickness to diameter, t/D. The 
analysis of all the pressure-deflection data will be treat-
d in the next section. 

The pressure-deflection curves were found to be near-
ly straight lines over a considerable range of loading. 
The deviations from the straight lines through the O.02D 
points, expressed. as percentages of O.02D, are plotted in 
figure 5 against the ratio• of the deflection X to the 
diameter. D f.or a few d.iaphrams. The average maximum 
deviation for all the diaphragms wts less than 1 percent, 
within the standard range of deflection. There seems to 
be a tenden-cy for the load-deflection curves to be slight-
ly concave upward (less stiff at higher pressures) for di-
aphragms of small values of t/D, and to be concave down-
ward for the larger values of t/D. The data are not very 
coherent, and further work is required on this point. 

The diaphragms were normally tested with pressure a-
plied. to the convex side. Then loaded. on the concave side, 
the defloctions wore also nearly linearly proportional to 
pressure, with slightly different slopes. The deviation 
of the pressure-deflection curves from a straight line 
drawn through the origin and. the X = O.02D point (for 
loading on the convex side) is shown in figure 6, with de-
viation plotted. as percentage of O.02D. The diaphragms 
were somewhat more flexible when loaded on the concave side. 

The stiffness of the partly formed diaphragms was less 
than that of the fullyformed. ones, and the deviations of 
their pressure-deflection curves from linearity was great-
er. The stiffness of those formed with a rubber backing 
was also less than for the ful1 formed ones but, for some 
diaphragms, notably the 0.004- by 2-inch size in beryllium 
copper, the rubber backing gave a more nearly linear char-
act en sti C.



N.A.C.A. Technical Note No. 738 	 13 

The deflection of O.02D is taken as a standard because 
it represents a safe deflection for all 'the materials test-
ed and because the load-deflection curves deviate somewhat 
more from linearity over a larger deflection range. Over 
this range the hysteresis was not detectable, being less 
than iO	 inches for all diaphragms, and. the :pressure-
deflection curves could be repeated quite exactly. 

The pressure-deflection curves for a group of differ-
ent diaphragms of the same thickness, diameter, and mate-
rial varied from the average for the group.by 2 percent 
or, less. The average pressure-deflection performance of 
the various sizes is shQwn in ablè III. The values of 
pressure given in the table are' the averages for from two 
to six similar diaphragms. 

Load Limit 

A number of diaphragms were deflected until they 
failed to return to within about iO 	 inches of their zero 
positions when the different.ial pressure was reduced to 
zero. The average deflection-diameter ratio for this amount 
of aftereffect was slightly more than 0.02 for phosphor 
bronze diahragms, and 0.04 or higher for those of beryl-
lium coDper. These values. are not exactly the same for 
different values of the thickness-diameter ratio of the 
diaphragms, but more data will have to be obtained to es-
tablish the exact deendencé. The data thus far obtained 
are from diaphragms having t/D ratios less than 4 x 
Further studies will be of value in relating the useful or 
permissible deflection to the values of elastic limit, as 
obtained i.n tensile tests, or to hardness measurements. 

The decrease in hardness of the phosphor bronze when 
heated' preliminary to forming the diaphragms (table II) 
may account for the relatively low load limit obtained for 
this material. With die shapes that do not require such 
severe stretching of the metal, it could be used. without 
softening, thus obtaining a better tensile strength and a 
higher load limit. In this connection, it has more re-
cently been found that the diaphragms may be formed by the 
two-stage method from blanks subjected to a heat treatment 
of the kind, described earlier with a furnace temperature 
of only 390° C. 

Effect of Center Reinforcing 

Without the central reinforcing disks, the deflection
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of the diaphragzr may be thought of as somewhat equivalent 
tO the deflection of the reinforced. diaphragm plus the d.e-
f'1ection of a flat diaphragm the size and. thickness of the 
original fiat central area. The main effect of omitting 
the d:i :.sk is to increase the deflection, somew}'at more at 
small than at large d.eflections. Some effect is probably 
also due to stresses introduced. in soldering the disks. 
The results of several tests showed that the reinforcing 
disks, with some exceptions, increased, the stiffness by 10 
percent or more and apparently tended to make t}e load-
deflection curve slightly concave upward, that is, to in-
crease the stiffness more at low deflections or loads. 
Because of the scatter of the results, no quantitative con-
clusions can be drawn. For most applications., however; 
the disks are necessary for mounting mechanisms or Con-
tacts and in this work were necessary to remove the uncer-
tainty of zero position of •the flat part, which acts like 
a flat diaphragm.

Snap-Action Diaphragms 

In tests of some 0.004- by 2.5-inch Be-Cu diaphragms 
without. reinforcing d.iks, an interesting snap action was 
obtained. This result is shown in fi-;ure 7 by a curve, for 
one of the diaphragms. As the pressure was increased. (on 
the convex side) the deflection was fairly linear up to a 
certain pressure, where the deflection increased, suddenly 
'by about 0.01 inôh, then again increased linearly. With 
decreasing pressures, the diaphragms snapped. in the other 
direction but at a considerably lower pressure, resulting 
in a loop in the load-deflection curve. 

This snap action is apparently due to a dishing of 
the central area, perhaps due to strains not relieved by 
heat treatment. When reinforcing disks were soldered on, 
the snap action, of course, disaDpeared, but the stiffness 
was' 'the same as befere, indicating that except for the 
snap action, the central area had, contributed but little 
to the deflection.

Deflection Traverse 

The def.lections of the various corruations were de-
termined for several diaphragms. The central deflection 
was measured at , various differential pressures as usual. 
PresCure-deflection data were then obtained. with the dia-
phragm positioned in the test apparatus so that the microm-
eter was over one of 'the corrugations. This 'rnc's was re-
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p eated for each corrugation. From these data,- correspond-
ing •deflections at the various corrugations for a given 
pressure could be obtained. Figure 8 shows the deflections 
at the various cOrrugations for one diaphragm. Corresond-
ing curves for other diaphragms, although not exactly sim-
ilar, were somewhat like the one shown. 

Thickness Variations 

The blanks from a given sheet of material uual1y var-
ied in thickness not more than a few percent, and the var-
iations between meas.urements made on. a given blank were 
usually negligible. After the diaphragms were formed, the 
thickness measured at the various corrugatiQns differed by 
as much as-20 -ercent' owing to the uneven stretching of the 
material, the outer corrugations being the thinnest. When 
the diaphragms were formed in two stages, the variations 
in thickness were much less, usually not more than. 5 per-
cent.

Concentrated Central Loads 

For a comparison of the effects of concentrated cen-
tral loads and uniformly distributed piessure loads on 
diaphragms, it is convenient to use the dimensionless ra-
tio of the central load to the p roduct of the projected 
area of the diaphragm and the pressure that gives the same 
central deflection as the central load. 

This ratio was determined for diaphragms of various 
thickness and diameters by ap plying central loads, on the 
concave side, and adjusting the pressure on the convex 
side to reduce the deflection to zero. The values of the 
ratio thus obtained are given in table IV. The concen-
trated. loads and the compensating pressures were varied up 
to the values that alone would give a deflection of O.005D, 
without markedly affecting the value of the ratios.. 

ANALYSIS OF RESULTS 

For problems involving the correlation of as rnany.var-
iables as relate to diaphragms, the most fruitful method 
of attack is that of dimensional analysis (reference 4). 
Some discussion of the use of this method in diaphragm 	 -
Problems has been given by Hersey (reference 5) without,
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however, any application to experimental data. 

Correct information an be derived from dimensional 
na1ysis, only by taking account of all the parameters of 
the problem. In an attempt 	 find an expression, or for-
mula, relating the deflection of a diaphragm to the pres-
sure applied, it is obvious from experience that the diam-
eter, the thickness, and the elastic properties of the ma-
terial will need to be considered. It. is also to be ex-
pected that the relationship between these variables will 
be different for differently shaped diaphragms 

Let X be the deflection at the center of the dia-
phragm, t its thickfiess, D its diameter, p the pres-
sure (uniformly applied), and C and E, respectively, 
the rigidity and Young's modulus of the material. Then, 
for diaphragms of similar outline, the relationship may be 
indicated, as

x	 0 (p, D t, E, C)
	

(1) 

where 0 indicates the functional relationship, the form 
of which is to be determined. If the diaphragm has a con-
centrated load as well as pressure acting on it, the load 
L would have to be included. Also, if the material is 
not homogeneous and isotropic,	 and C might be dif-



ferent in different directions or in the different parts. 
More important, the thickness of a diaphragm is seldom ex-
actly uniform, since the orocess of manufacture may intro-
duce considerabac variations owing to stretching of the 
material. It may reasonably be expected, however, that 
the variations in these (assumed) constants will be simi-
lar for diaphragms of geometrically similar contours, 
formed in the same manner. As a first approximation, then, 
the form given in equation (i) will hold for similarly 
formed diaphragms as long as th material follows Hooko's 
Law.

The dimensionless ratios formed by various combina-
tions of the parameters in equation (1) are also func-
tionally related (reference 4) so that the equation maybe 
written

X	 "t p	 2 =	 \5' •' ° 

where Poisson's ratio

E - 2G 
a. ---
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The problem is. now to determine the form of the func-
tion	 , by analyzing the experimental data. As.described. 
in preceding sections, diaphragms having geometrically sim-
ilar outlines were made of various materials in a variety 
of thicknesses and diameters, and. their deflection charac-
teristics were determined; that is, a number of correspond.-
ing values of X and. p wer.e measured for each diaphragm. 

The contour shape of the diaphragms was such that the 
pressure-deflection curves (fig. 4) were very nearly 
straight lines over a considerable range. The existence 
of this linear relationship permits a simplification. 
Since X/D = k p/E for a given diaphragm then, in general, 
for diaphragms of similar shape: 

X	 •o /t	 "	 I-
¼3 

If, in this equation, the values of all the parameters 
t	 XE 

were known, values of	 against j	
could. be plotted 

for d.iaphrams of one material to determine the form of 
the function f for a given value of a; then two such 
plots for different materials could be compared to deter-
mine the deoendence of the function f. on a. TJnfortu-
nately, only X, p, and D can be said. to be known exactly. 
The value of t, as mentioned before, is different for 
different corrugations of the same diaphragm, and the prob-
lem of determining effective values from the measured val-
ues remains. Also, the values of a and of E for the 
diaphragm may be quite different from the values' obtained 
on test specimens. 

In the theory of elastic deflection of flat plates, 
a ent.ers mainly in a' factor (1 - a), which may be coin-
bined with E.. Its effect, other than this, is les than 
2 percent for a variation of a fi'om 0.25 to 0.3 (refer-
ence 2).. This fact does not prove, but does suggest, that 
the influence of o on performance of a corrugated d.ia-
phragm may be aoproximately the same. 

In view of these considerations, the .equation might 
be expected to apply fairly accurately to diaphragms of 
these different materials when written as 

= ____2____ f (t/D)	 (4) 
D	 E/(l 'a2)
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The modulus E/(l - 0.2) is called the ' t late modulus,11 
and. is designated by the symbol F. 

The values of the modulus of e1aticity E for bei-
hum copper, as obtained from handbooks and from !nanufac-
turer t s data, vary from 16 x 106 to' 18.9 x 106 pounds 
per square inch.	 (See reference 6, pp.. 171-179.) The 
modulus depends on the amount of cold working and heat 
treatment. Data given by the Beryllium Corporation, for 

instance, indicate. 18.0 x 106 pounds per square inch as 

the value for the soft (quenched.) material, and. 18.9 X 106 

pounds per square inch when heat treated frowi the soft 
state; '17.2 x 106 pounds per square inch when worked. four 

numbers hard from the soft state; and 18.4 X 106 pounds 
per square inch when heat treated after the working. The 
working of the metal that occurs in the stretchin neces-
sary to form the diaphragm certainly hardens it but prob-
ably by different amounts in different parts. The same 
thing probably occurs with phosphor bronze. Values of B 
for it are given as about 14.5 x 106 to 15 x 10 pounds 
per square inch. 

In view of the complexity and the uncertainty con-
nected with the elastic properties, it appeared best to 
assume an arbitrary value of the plate modulus for beryl-
hum copDer and to uoe the exerimental data to determine 
the form of f(t/D) in equation (4); then to determine 
effective values of F for diaphragms of other materials 
that vou1d give agreement at some value of t/D; and, fi-
nally, to see whether the same variation with t/D occurs 
with all materials. 

In the problem of determining the effective a1ues of 
thickness from measurements taken on the diaphragms, two 
things must be known: first, what'is the relative contri-
bution of different annular zones of the diaphragm to the 
total deflection; and, second, how does the deflection 
vary with thickness, other things being equal? The first 
question is answered b-i deflection traverse measurements, 
such as are shown in,figure 8. From such data, it was de-
t'ermined. that the contributions of the zones between the 
letters (fig. 8) were approximately in the rat.io.5, 4, 3, 
2, 1; starting at a. 

From an initial analysis of the data on beryllium-
copper diaphragms, using the initial thicknesses of the 
blanks, it appeared. that the ratio (t/D) entered in the
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equation as about the -1.47 power; the equation being 

= 2 :6 x 1	
• 4?	

( ) 

where F was taken as 10 mm Hg (18.9 x 106 lb. per 

sq. in.). 

This equation, as it stands, is apDlicable to the de-
sign •of similar . diaphragms, made in the same way as those 
On which the data were obtained, over the range of t/D 
from 0.001 to 0.005. The use of the equation assumes that 
the variations in thickness due. to stretching will be sim-
liar for various diaphragms formed in the same way. Ac-
tually, the ratio of the initial thickness to effective 
thickness (defined later) varied from 1.18 to 1.10 (aver-
age about 1.15) for diaphragms made in one forming opera-
tion and from 1.12 to 1.09 (average 1.10) for those made 
in two' stages. 

It is, of course, p ossible to make diaphragms with 
this same outline by other methods, such as stamping, or 
spinning, or by two-stage hydraulic forming as described, 
which result in different variations of thickness. It is 
desirable to deduce an equation•that will represent the 
dharacteristics of the shape, rather than of the method of 
forming. To do this, it is necessary to use an effective 
thickness. 

Having, from equation (5), the approximate dependence 
of deflection on ' t/.D as the - . 1.5 power and, from the de-
flection traverse data (fig. 8), the relative contribu-
tions of the various corrugations, the effective thickness, 
t e,	 is t}'. c'ret1cally .iven by the relation: 

-1.5'	 -1.5	 -1.5	 -1.5 -1.5 
' i5= 

e	
5+4+3+2+1 

Inasmuch as the greatest variation of thickness in any one 
diaphragm was about 20 percent and the power to be used. is 
only 1.5, the maximum error introduced by using merely the 
weighted average is. only of the order of 1 percent. The 
effective thicknesses were therefore computed from the mi-
crometer measurements by straight avraging of four or 
more measurements ona given corrugation and by weighted
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averaging of the averages for the five zones (shown in 
fig. 8) using 5, 4, 3, 2, 1 as the relative weights. The 
thicknesses measured. at the indicated points were taken 
as representative of the average thickness throughout the 
zones. Each zone consisted of a half-corrugation, with 
the exception of the outer one, which was taken to Include 
the offsetting corrugation. 

With the values of t/D computed in this way , the 
load-deflection data were plotted on a log-log chart. The 
data first obtained extended over the range from 0.001 to 
0.005 for t/D, and were found to be represented by a for-
mula of' the type of (5). It was to be expected, on theo-
retical grounds, that this tye of equation could not 'be 
safely extrapolated, since an extrapolation to higher val-

•ues of t/D would soon indicate 'a smaller stiffness than 
the initial stifness of flat diaphragms. (See fig. ii.) 
The initial deflection of a flat diaphragm involves no 
tensile stressing, only pure bending; and, since the cor-
rugations lower the bending stresses at large deflections 
only at the cost of introducing initial tensile stresses, 
the corrugated diahragms would be expected to 'be stiffer 
than the flat ones are initially. Data beyond the range 
then covered were obtained from a few diaphragms 1.5 inches 
iti diameter made of beryllium copper 0.013 inch thick (t/D 
x iO 3	 8.4). One of these diaphragms was etched to ob-
tain data on intermediate values o± t/D. The range was 
also extended to lower values of t/D by etching dia-
phragms with initially low values of t/D. 

In figure 9, which p resents the data on Be-Cu dia-
phragms, the points for the etched. dia phragms are marked 
with filled circles, triangles, or crosses. The same char-
acter applies to a series of measurements made on one dia-
phragm •after successive etchings. As the figure shows, the 
points representing these successive stages fall nicely on 
the curve formed 'by other points representing unetched di-
aphragms and other etched diaphragms. The etching tech-
nique is apparently reliable, at least for beryllium copper, 
and is quite simple and rapid. It is believed that further 
use of it will greatly facilitate the work of obtaining 
similar data on diaphragms of' other shapes. 

This extension of the range confirmed the suspicion-
that a simple equation of the form of (5) would not be 
vali'd over a longer range of t/D values. The equation
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H = 2.25 x	 (].o3\52	 (6) 

t x 
represents the data over the raiige of ----fl-- from 0.9 

to 4.0 with fair accuracy (where, for beryllium 'copper, 
P = E/(].	 a 2) is taken as 18.9 x 106 lb. per. sq. in.). A 
large number of design p roblems, especially in aircraft in-
struments, will be solved by diaphragms in this range. In 
general, of course, the use of charts, of the type of fig-
ure 9 is preferable because the curve in the fiure cannot 
be expressed by a simple formula. 

In figure'lO the curve of figure 9 is repeated, with 
the data for phosphor bronze and Z-nickel diaphragms. The 
value of F = 17.5 x 10 	 pounds per square inch was as-
sumed for the phosphor bronze and P	 28.4 x 10	 pounds
per square inch, for the Z-nickel, in order to have the 
point's fall as nearly as possible on the curve for beryl-
lium copper. 

Although the data here are not as coherent or as nu-
merous as those on beryllium copper, the same general 
trend is apparent. Equation (6) can therefore be used for 
these materials, with somewhat less exactness. It may 
reasonably be expected that the curve of figure 9 will hold 
approximately for these materials over its full range of 
values of t/D, and. even for other materials with appro-
priate values of F. 

As mentioned previou.sly, it is not known just what 
values should be taken for 0 and E for these materials. 
Further work is necessary to determine the average value 
of the ela.stic constants of diaphragms of various.materi'-
als, Meanwhile, for practical design work it is suffi-
cient to use the values of F here assumed, when using the 
charts.

DESIGN OP DIAPHRAGMS 

The curves of fi gures 9 and 10 are repeated as curve 
(1) in figure 11. Other curves useful in estimating per-
formance limits of possible diaphragms are included in the 
same figure. 'Curve (2) is drawn from data on diaphragms 
formed with a thin rubber backing. This change in effec-
tive die shape resulted in more flex.ble diaphragms. The 
deflections were nearly proportional to load over the 0.02D
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range but the deviations from proportionality seemed to de-
pend. on thickness, the thinner diaphrarns made this way 
becoming more flexible, and. the thicker ones less flexi-
ble, at the larger defections. Te use of a thicker back-
ing gave diaphragms having a.still greater initial flexi-
bility, but the deflection of these diaphragms was linear 
over only a very small range, all of them becoming less 
flexible at the larger'deflections. 

Curves (s), (4' ), and. (5) represent approximate data 
supplied through the coutesy of Manning, Maxwell &. Moore, 
Inc. , on diaphragms made 'by them. The diaphragms were of 
beryllium copper 2-1/2 inches in effeàtive diameter, with 
a reinforced flat in the' center of a '5/16-inch diameter. 
The corrugations were circular arcs of approximately 600 
with suitable ra.'d.ii for forming-two orfive complete cor-
rugations. The corrugations themselves were symmetrical 
about the plane of. the rim, that is, the outline was not 
offset, or concave, as- was the N.B.S. outline (fig. 1) in 
which the two and a half corrugations of 60° arcs were off-
set so that three of the arc centers were in the plane of 
the rim. 

Curves (3) and (4) are for all values of deflection 
Ui) to 0.02D,. while curve (5) is only for the value 0.03D. 
The load-deflection characteristics of these diaphragms 
are not as nearly linear as those of the N.B.S. outline. 

Vithout more extended data, it may reasonably be as-
sumed thrt curves similar to (1), (2), (3), (4), and (5) 
could be drawn'to represent other shapes of diaphragms 
provided that their prssure-deflection curves are straight 
lines. As an indication of what limits of flexibility 
might be obtained, curves (o) and (7) are shown. Curve 
(6) represents the initial.part of the cQmputed'pressuro-
deflection data for flat diaphrarns.. It is valid only for 
relatively small cieflections, up to about 0.4 of the thick-
ness. Curve (7) represents the computed deflection-pres-
sure ratio for 'fiat diaphragms deflected. to X = 0.02D. 
This curve is valid only for this valuq of the .eflection. 
Other curves,' for. deflections less than O.02D, would lie 
between curve (6) and curve (7). 

The data for plotting these curves were obtained from 
the approximate equation for flat diaphragms. (See refer-
ence 2.)

3 P(D\4	 (7) + 0.5 (E -
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For initial deflections, ()3 may be neglected. 

Multiplying the remaining terms by t/D: 

1.= -a.--	
(T\3 

D	 256F 

or
-3 

io	 E	 = 1,170 (1Q2Q)	 (8) 
PD	 D 

This equation is represented by curve (6) of figure .11. 
Equation (7) may be written in the form 

io	 F X	 1170	 (9) 
R D -

	
) + 5 X 1 0 ( )

2
 () 

For	 = 0.02, this reduces to 

1	 .: = _______.!!2_ 	 --	 (10) 
P D	 (i000t'\3 + 200 

D)	 \D 

which is the equation represented by curve (7). 

The initial flexibility of a flat plate is presumably 
the limiting flexibility for stable diaphragms of a given 
t/D ratio. In general, a diaphragm may be rated on its 
flexibility and the range of pressure over which it gives 
the desired relations between pressure and deflection. It 
is seen from figure 11 that, even at the higher values of 
t/D, none of the diaphragms represented by curve (1') is 
more than half as flexible as a corresponding flat diaphragm 
is i.nitially, as indicated by the ratio of ordinates of 
curves (i) and. (6), for a given t/D. The flexibility is 
much greater, however, than for a flat diaphragm having a 
deflection of 0.02D and, for larger doflections, it would 
be even more so. 

Curve (7), for flat diaphragms deflected to 0.02D, ap-
proaches curve (3) at high values of (t/D) because curve 
(&) applies up to deflections of •about 0.4t, which for the 
larger values of t/D approaches more and more closely to 
equality with 0.02D.
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Since there are five variables (x, t, P, D, F) to 
be considered. (or four for eachmaterial), it is possible, 
in general, to represent only a limited part of the rela-
tions on a two-dimensional. graph as . in figure 11. The 
five quantities may always be combined into three dimen-

sionless ratios •,	 , and. , allowing the relations to be 

represented, by a three-dimensional surface. Only in the 
event that there is a simple analytic relation betwcen the 
ratios can these variables'be combined to permit a general 
representation on a two-dimensional chart. Thus curves 
(1), (2), (3), and (4) (fig. 11) . are general over a limit--- 
ed range; i.e., up to I = O.02D, 'oecaue of the linear 
pressure-deflection characteristics, whereas, curve (6) is 
valid. only over a much smaller range. Curves (5) and (7) 
are valid. for only one value of x/D, and therefore are 
not generaire p resentations of diaphragm behavior. A set 
of such curves, of t/D against P/P for various X/D 
values, may be very useful in representing data or in con-
structing design charts for diaphragms for which X/D is 
not a simple function of pr.essure. 

It is nt necessary that a linear relation exist be-
tween X/D and. P/E in order that the performance data 
may be depicted on a two-dimensional chart. If a diaphragm 
design gave a pressure-deflection curve for a ivevae 
of t/D .reresented by any relation such that f (, -) = 

constant, then a two-dimensional plot of f j , ) against 

t/D would give a general representation of the performance 
over the range of X/D for whic'h the function f was valid. 

It will isually be :ossible to express the pressure-
deflection curves of diaphragms' useful in instruments at 
least aproximately by some simple equation aiid to por-
tray Vhe, general relations by some curve of the type of 
those in figure. 11. Such curve,, once established by ex-
periment, furnish the direct path to solutions of design 
problems. 

The usual diaphragm design problem i to find the 
shape, the diameter, the thickness, and the material for a 
diaphragm that will give a certain deflection when subject-
ed to a certain pressure. In general, there will be fur-
ther restrictions, such as arise in specifying the shape 
of the pressure-deflection curve, the permissible drift, a 
limit to the allowable diameter, etc.
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If a .lin'ear pressure-d.eflection caracteras'tic 'is 
sired, the diaphragm shape shownin figur'e I will be sui't-
able. Fixing the value of D. fixes 'tnie rat'i'o X1D. If 
t'hjs value is greate.r than 0.02, and dri't is to be tha1I, 
beryllium copper or other mater.al with a high ra't'io 'bf 
yield strength to elastic modulus should be usd. Havin 
chosen the material, F is fixed and the, value 'of . . 

can be computed. Suitable vt1ues' of P to be used with 
these charts have been given for the phosphor bronze, the 
beryllium coDper, and the Z-. nickel used in these tests. 
Comparative data have not yet been ' obtained for other ma-
t erial s. 

Using the chart (fig. 9), the value of t/D and. thu 
of t is determined. The' value of t thus obtained is 
the effective thickness, This value, is, of course, less 
than the thickness of the blanks to be used because stretch-
ing must occur during formin. The ratio of initial to 
effective thickness depends on the method of manufacture. 
For the diaphragms formed by the two-stage method, which 
was found to give the most consistent results, this rä.tio 
was about 1.10. For the diaphragms formed in one stage, 
the ratio was about 1.15. By use of the appropriate ra.tiO 
the desired blank thickness is found, thus completing the 
solution. 

If 'close tolerances are set on,the perfo,rmanOe, there 
may be some adjustment needed after the results of the 
first design are obtained. The flexibility can be adjust-
ed by using .a slightly different thickness of material. 
Both t1e flexibility of the diaphragm and the deviations 
of its pressure-deflection curve from linearity will.IDe 
affected by the center reinforcement, by slight change in 
shape. In most cases, there is 'the fortunate opportunity 
of' adjusting the mechanism re1tted to the diaphragm. to re-
move , small discrepanciea in the' diaphragm performance. 
The data contained in table IV on the relative effect of 
central loads is of value in selecting control springs to 
obtain the desired changes in stiffness. This selection. 
is, of course, of no help in overcomin , e-lastic defects; 
they can be remedied only by the choice of proper materials 
and methods , of manufacture. If the design conditions per-
mit the, use of a larger diameter, the' resulting. lower value 
of X/D will help to limit the stresses to a safe value. 

The curves presented here represent only a start on 
the empirical work necessary to cover the range of practi-
cal diaphragm shapes. Correlations of stresses, load. lim-
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its, hysteresis, and drift, with the variables of shape, 
size, and material are yet to 'be investigated. The corre-
lation of performance of single diaphragms with clamped 
edges with that of capsules with free edges is another im-
portant phase, as yet untouched. 

It is believed, however, that the curves will 'be of 
value in design, specifically where linear deflection 
curves are desired and, in general, in enabling the de-
signer to predict by comparison the approximate perform-
ance of diaphragms of other shapes. 

National Bureau of Standards, 
Washington, D. 0., October 13, 1939. 
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TABLE I 

Pressures Necessary for Full Forming 
of Be-Cu Diaphragms 

Original	 Diameter of	 Approximate 
thickness	 diaphragm	 . forming 
of blank	 pressure 
(in.)	 (in.)	 (lb/sq.inJ 

0.002 2.5 1,250 
2.0 1,250 
1.5 1,500 

.0036 2.5 2,000 
2.0 2,500 
1.5 3,00.0 
3.0 2,000 

.005	 . 2.5 2,500 
2.0 3,500 
1.5 4,500 

.008	 - 2.5 4,000 
5,000 

1.5 6,000 

.013 1.5 9,500
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TABLE II 

Hardness of Diaphragm Materials

Indentation 
Thickness number 

in 0.001 inch Condition H	 W/A1 
(Knoop indenter) 

Phosphor bronze 

0.002 As received 175 

.003 do, 177 

.004 do. 198 

,006 do. 200 

.008 do. 222 

.0()4 Heat-treated at 425°	 C. 105 

.006 do. 118 

Beryllium copper 

0.002 Heat-treated at	 300° C. 336 

.004 do. 351 

.005 do. 335

.008	 do.	 317 

Lw is the weight in ki1orama and A is the projected 
area of the indentation in square milliieters. 
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TABLE III 

Pressure-Deflection Data for Diaphragms of 
National Bureau of Standards Outline 1 

Loaded on the Convex Side 

Diarneter Blank Pressure corresponding 
D O.02D thickness to deflection of O.02D 

(in.) (in.) (in.) (mm Hg) f(lb./sq.in.) 

Beryllium copper 

1.5 0.03 0.0022 129 2.50 
.0036 284 5.50 
.0051 458 8.89 
.0079 991 19.2 

2.0 .04 .0022 96 1.86 
.0036 195 3.78 
.0051 313 6.07 
.0079 581 11.25 

2,5 .05 .0022 52 1.01 
.0036 120 2.32 
.0051 191 3.70 
.0079 376 7.28 

3.0 .06 .0O5 142 2.75 

Phosphor bronze 

1.5 0.03 0.0024 136 2.63 
.0033 223 4.31 
.0042 313 6.05 
.0064 605 11.7 

2.0 .04 .9024 95 1.84 
.0033 157 3.04 
.0042 235 4.54 
.0064 420 8.12 

2.5 .05 .0024 58 1,12 
.0033 94 1!82 
.004a 141 2.72 
.0064 240 4.64 

3.0 .06 .0033 72 1,39 
.Q042 110 2.12 
.0064 199 3.85
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TABLE IV 

Values of the ratio of concentrated. load, to d.istributed. 
load. (projected. area of the diaphragm times the 

differential pressure) for equal central d.eflections 

(B = beryllium copper; P 	 phosphor bronze) 

Diaphragm	 Approximate thickness of diaphragms (in.) 
diameter	 -m--- ---- ------- - ------

(in.)	 0.002 0.003 0.004 0.005 0.006 0.008 0.013 

	

1.5	 0.39P 0.41P 0.39P 0.42B 0.4lP 0.393 0.313 

	

.38B	 .35B 

	

2,0	 .44P	 .45P .43P	 .44B	 .44P	 .413 

	

.42B	 .443 

	

2.5	 .42P .45P	 ,44B	 .44P	 .44B 

	

3.0	 -	 .46P .46P	 .44B	 .41P 

	

.443	 .44P
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Figure 1..-.. Cross-sectioia1out1in of d.ie and. pressure base used. in 
forming diaphragms.. The four 'ies used had geometrically 

similar outlines, differing only in the values of D, which were 
1 1/2, 2, 2 1/2, and 3 inches.
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sure chamber B, by 

the cylinder C, 

when the lower plat-
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pressures were meas-
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tsr M. Tb. def].ec-
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by the micrometer A, 

which was turned by 
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Figure 3.- Vied of the press used in making ana testing the diaphragm., 
with testi.% apparatus,
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Figure 4.- Pressure-deflection curves for several beryllium 
copper diaphraEms. The dotted lines areextensions 

of the straight lines through the X 0.02D points. The 
indicated thickness t and diameters D are in inches, 
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FiEure 7.-. Pressure-deflection curve for a snap-action 
diaphragm with no center reinforcement. The 

diaphragm was 2.5 inches in diameter and was made of 
beryllium copper 0.0036 inch thick.
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Figure 8.- Relative deflections at the several corrugations 
of a diaphram for two values of central 

leflection. The points represent deflections measured at 
the corresponding corrugations shown on the outline below the 
curves.
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Figure 9.- The pressure-deflection data on beryllium-copper diaphragln8 plotted to show 
the relation between the dimensionless ratios FX/PD and t/D. The effective 

value of F (approximately Eli - 62) wa g taken as 18.9 X )06 pounds per square inch. (iO° 
mm Ng). The points marked with open circles represent different diaphragms. Those 
marked with crosses, triangles, or solid dots represent the series of measurements on 
three different diaphragms after successive etchings.
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Fig.10 

boot
D 

Figure 10.- Data on phosphor-bronze and Z-nickel diaphras plotted as in figure 
9. In order to have the curves for these materials coincide with 

that for beryllium-copper in fiure 9, the effective values of F (approximately 
E / 1 - 62 ) were taken as 17.5 X 106 and 28.4 x 10b pounds per square inch fr 
phosphor-bronze and Z-nickel,respectively.. The open circles represent the phosphor-. 
bror.e diaphragms; the crosses, those of Z-nickel. 
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Figure 11.- Comparison of different diaphran shapes. The curves sh6w the rela-

tion between the dimensionless ratios	 and . for various types of 
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