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AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Length ____ _ 
Tirne ______ _ 
Force _____ _ 

Symbol 

l 
t 
F 

Metric 

Unit 

meter ___________________ _ 
second __________________ _ 
weigtlt of one kilograrn ____ _ 

Symbol 

m 
s 
kg 

English 

Unit 

foot (or mile) ________ _ 
second (or hour) ______ _ 
weight of one pound __ _ 

Symbol 

ft. (or mi.) 
sec. (or hr.) 
lb. 

PoweL_____ P kgjrnjs _____________________________ horsepoweL _________ _ 
Speed ________________ {krn/hr -- -- --- - -- - - - - - - - - - - k. p. h. rni./hr. --- - - - - - - - - - --

hp 
m.p. h. 
f. p . s. rn/s______________________ m. p. s. ft./sec. _____________ _ 

2. GENERAL SYMBOLS, ETC. 

W, Weight, =mg 
g, Standard acceleration of gravity=9.80665 

m/s2=32.1740 ft./sec. 2 

W m, Mass,=-
g 

p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-4 

S2) at 15° C and 760 mm=O.002378 (lb.­
ft.-4 sec.2). 

. Specific weight of II standard" air, 1.2255 
kg/m3 = 0.07651 Ib./ft.8 

m7c2
, Moment of inertia (indicate axis of the 

radius of gyration, 7c, by proper sub­
script) . 

S, Area. 
Sw, Wing area, etc. 
G, Gap. 
b, Span. 
e, Chord length. 
b/e, Aspect ratio . 
j, Distance from 0. G. to elevator hinge. 
p., Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

V, True air speed. 

<.1., Dynamic (or impact) pressure=~p P 

L, Lift, absolute coefficient OL= q~ 

D, Drag, absolute coefficient OD= ~ 
0, Cross-wind force, absolute coefficient 

o 
OC=gS 

R, Resultant force. (Note that these coeffi­
cients are twice as large as the old co­
efficients L c, Dc.) 

~tl" Angle of setting of wings (relative to thrust 
line). 

~h Angle of stabilizer setting with reference to 
thrust line. 

,,{, Dihedral angle. 
Vl 

p -,Reynolds Number, where Z is a linear 
p. dimension. 

e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, 0° C: 255,000 
and at 15° C., 230,000; 

or for a model of 10 cm chord 40 mis, 
corresponding numbers are 299,000 and 
270,000. 

Op, Center of pressure coefficient (ratio of 
distance of C. P. from leading edge to 
chord length). 

fl, Angle of stabilizer setting with reference 
to lower wing, = (it - iu,) . 

a, Angle of attack. 
f, Angle of downwash. 
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SUMMARY 

E'J:pel'imental data are presented on the variation oj 

the modulus oj rigidity in the temperature Tange - 20 to 

+ 50° C. oj a number oj metals which are oj possible use 

for elastic elements jor aircrajt and othu' instrument . 

The method oj the tor ional pendulum was u ed to deter­

mine the modulus oj rigidity and its temperature coeffi­

cient J01' aluminum, duralumin, Monel metal, brass, 

phosphor bronze, coin silver, nickel silver, th1'ee high 

carbon steels, and th7'ee alloy steels. The tempemture 

coefficient m is defined by the 1'elation 

1 dG 
m=- -

Go dT 

in which G and Go are the moduli oj rigidity at the 

temperatures TO C. and 0° C. The d1jJaential dG/dT 

was jound to be a constant except jor two metals. The 

effect oj heat treatment on m was determined jor a num­

ber oj the materials. It wa observed that tensile stress 

affected the values oj the modulus by amount oj 1 per 

cent or le s. 
INTRODUCTIO 

Aircraft instruments must operate satisfactorily at 

temperatures which may vary between - 50° O. 

and + 50° O. atisfactory operation means not only 

that the instruments function, but that their indi­

cation be accurate within tolerances. Thus current 

military specifications provide for te ts at instnunent 

temperatures of - 35° O. and + 45° O. It is well 

known that the indication of an instrumen t depend­

ing upon the deflection of an elastic element, uch 

as a diaphragm or pring, varie with temperature. 

In properly designed instruments the major part of 

thi variation is due to the variation of the ela tic 

moduli with temperature. It is obviou in con ider­

ing the performance oC aircraft in truments that 

data are de irable on the effect of tem perature on the 

elastic moduli of the materials commonly used for 

elastic elements. 
There are no data on many of the commonly used 

alloys. uch data as are available are of little use 

in instrument work either becau e they are not suf­

ficiently accurate or because they do not cover the 

required temperature range. A vcry important. 

point is that for the most part investigators have 

secured data on annealed pecimens, while the ela ti 

elements of instrument consist of hardened materials. 

It is intel'e ting to note that value of the tempera­

ture coefficients of elasticity are not given in current 

handbooks of physical data. 
The Bureau of Standards, with the financial support 

and cooperation of the ational Advi ory ommittee 

for Aeronautics, has undertaken an inve tigation of 

the cfl' ct of tempcraturc on the ela tic properties of 

metals and alloys which may be useful in the field of 

aeronautic in trument. The objects of the 1'e earth 

are as follow : 
(a) To. determine the temperature effect on the 

elastic moduli of the various common diaphragm and 

spring materials in the tempera ture range from - 50° 

to +50° O. 
(b) To investigate materials in which the tempera­

ture coefficient of ela ticity is l'elatively small 01' 

anomalous. 
(c) To determine the effect of tre s, heat treatment, 

and other factors on the ela tic moduli ann the tem­

perature coefficient of elasticity. 
Item (b) on the above program is of some importance 

in view of the not inconsiderable change in indication 

of instruments with elastic elements in the temperature 

range experienced in aircraft. Attention sbould be 

called to the exten ive work on tbis phase of the pro b­

lem by Guillaume and Ohevenard (References 4 and 

7). As a result of Guillaume's work on alloys of the 

nickel-iron series one was found which has a very low 

temperature coefficient of ela ticity (both for the 

Young' and the rigidity modulus) at room tempera­

tures. This alloy is Imown as elinvar. Its po sible 

use in aircraft instruments depend on knowledge of 

its behavior in the above-mentioned temperature 

r ange, together with its re i tance to corrosion, its ease 

of mechanical working, and it elastic properties which 

hould be at least as good a tho e of alloys now com­

monly used . Also there must be a rea onable pros­

pect that eventually it will be ea ily obtainable. 

The information now available is not sufficient to 

de termine it usefulness in an.-craft instruments. 

Thi paper gives the results of ex'})erimental work 

thus far completed at the Bureau of Standards. The 

data include (a) values of the temperature coefficient 

I of the modulu of rigidity of a number of common 
3 
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material , (b) value of the rigidity modulus at 0° C., 
and (c) to a limited extent the effect of tension, and 
(d) of heat treatment. The temperature range in 
which datA. were obtained wa from - 25° to + 50° C. 
The tor ion pendulum method was adopted, and since 
thi method i not to be used in the future experiments, 
it is considered advisable to report on the results 

_which hA.ve all'eady been obtained. 
The experiments are being continued using the 

deflection of helical springs as the criterion instead of 
the period of a torsion pendulum. The new method 
will enable better temperature control, as the springs 
can be tested in a liquid bath and, more important, 
the determination of the temperature coefficient for 
both the rigidity and Young's modulus can be made 
on the same specimen. The method al 0 gives promise 
of greater rapidity in obtaining data. 

THEO RY 

Jeglccting the effect of internal and ail' damping, 
the p riod P of a tor ion pendulum with a round wire 

giv n by the equation 

p 2= 8~! (1) 

in which G= the modulu of rigidity, 
l' = the radius of the wire, 
I = the moment of inertia of the 0 cillating 

ystem, 
L = the length of the wire. 

In accordance with equation (1) define 

G - 87rL 7.J7, d rt _ 87rLol o 
T - 4 P ~ an l70 - ~P 2 l' 7' 7' TO 0 

(2) 

where the subscript refer to the temperature (degrees 
entigrade) at which the quantities are mea ured. 
In the determination of the modulus the geometrical 

dimen ions of the tor ion pendulum at 20° C., approx­
imately, were u ed. This defines the following 
equation : 

(3) 

The temperature coefficient of the modulu of rigidity 
is defined by 

1 dGT m= - -' Go dT (4) 

U ing the terms defined in equation (3 ), 

, 1 dGr' ( ) m = Go' dT' 5 

It i apparent that m doe not differ very much 
from m'. The relation between m and m' is found as 
follows. Dividing equation (4) by equation (5), 

dGT 

m Go' dT 
m'= Go dG7,' , 

dT 

(6) 

Go' = Go[1 + (2a- 3b) 20] (7) 
where a and b are the linear thermal coefficient of 
expansion of the weights and of the wire specimen, 
re pectively, imilarly 

Gr = Gr' [1 + (2a-3 b) (T-20) ] ( ) 

From equation (7) it follow that 
G' 
G: = 1 + (2a- 3b)20 (9) 

and from equation ( ), 

dGT 

~~r'=2a~,3b g;,' + [1 + (2a-3 b)(T-20 )] (10 ) 
dT 

Multiplying equation (9) by equation (10) and 
neglecting relatively higher order q uantitie there is 
obtained the de ired relation: 

m = m' + (2a - 3b) (11 ) 
A will be shown later, the effect of the clamping 

on the value of the modulus of rigidity and the tem­
perature coefficient i negligible under our condition 
of experimentation . This conclu ion agrees with that 
of other inve tigatol' , notably H or ton (R eference 1) , 

Modulus of Rigidity by the Deflection Method,- · 
The modulu of rigidity wa also determined in mo t 
ca es by the defl ection method u ing the apparatu 
hown in Figure 3, in order to check the value obtained 

by the torsional pendulum. The modulu of rigidi ty 
G i given by the following expre lOn 

(12) 

in which l and l ' are respe tively the length and radius 
of the wire pecimen and M the torque required to 
produce the angular defl ection a. 

DESCRIPTION OF SAMPLES 

amples of wire as traight as possible were eeured 
of a number of material. All except a ample of 
annealed Monel metal were in a hard-drawn condi tion. 
The aluminum sample (2 S 1/2 H ) was commercially 
pure, 0 fabricated a to be one-half hard. The 
duralumin sample (17 - T ) wa commercial heat 
treated. The oil-tempered teel wire and piano wire 
amples were furni hed by the manufacturer, heat 

treated in the u ual manner for u e in making helical 
sprmgs. 

Chemical Composition,-Analy e of the ample, 
were made by the Chemi try Division of the Bureau 
of Standards. The r esults are given in Table 1. 

The percentage aluminum in the aluminum and 
dura.lumin sample was determined by the difference 
between 100 per cen t and the percentage of the other 
con tituents for which the samples were analyzed. 
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Heat Treatments.- A number of the specimens 

were heat treated in the manner shown in Table II. 

All of the heat treatments ·listed for a given material 

were made on the same pieces of wire. Between heat 

treatment the wire was replaced in the torsion pendu­

lum and the usual data obtained. 

The wires were quenched in water after being heated 

by passing an electrical current through them . They 

were mounted horizontally withou t thermal in ula­

tion and under a tension ufficient to keep them 

straight. In order to maintain the temperature of the 

wire up to the point of immersion, the apparatus \Va 

arranged so that the hot wire could be rotated into 

the tank of water dming which operation a liding 

switch automatically cut oft' the heating curren t. 

e ee fig. 2.) The temperature was determined by an 

optical pyrome ter. 

The drawing or tempering of the specimens wa in 

all ca es carried ou t in an inclosed type of electric 

furnace. This consisted of an inner porcelain tube 

of mall bore which was placed in a small tubular 

furnace. The temperature of the furnace could be 

regulated to within 4° C. It wa measured by one 

thermocouple placed at the mid-point of the in terior 

of the furnace. It was fo und by experiment that Lhe 

temperature of the furnace had practically the same 

value over its entire length 15 minu te after tabilizing 

the heating curren t. The temperature a indicated 

by the thermocouple could be kept con tant within 

3° C. Care wa taken not to exceed the desired 

temperature. The wire were held at the temper­

ing temperature for no t more than one-half hour, and 

were left in the furnace until it had cooled 1,0 room 

temperature. 

TABLE I.- HEM1 AL COMPO 1'1'10 OF AMPLE 

I \\'hen zero amount of an element is given, it mpans none was detected] 

(a) Nonferrous 

[Elemenls in per cent] 

No, Sallipies il\'er I ('oppel' Zinc Alumi· 
num Lead 1' in Tickel 'i licon Iron Phosphor· ]\fanga·l l\Iagne. 

us nese Slum 

~ f~~r~f~lii~~il:.:~:::::::::::::::::::: ::::::::::1 J:~ ..... ~ ....... :.~~~. :::::::::: ...... ~ ... ~ ~:~I ~:~ :::::::::: ~: r1 ...... ~~~ 
lOa lIard·draw n MoneL ............................ , 26.0 ...•...... .......... ....•..... .......... 70.2 ' .05 2.1 .......... 1. 5 ......... . 

f · ;~~#~~~~~:~n~~~~~~~·;~;·;·:;~~:::~:~~~~~ :::::~ i:i:i ~J __ .. ~~~:~ . :::::~:::: :::::~~~~: .... J~ ..... J. .. ~~~~~~~~~~ 1. r ~~~~~~~ :~t~::~::::II~~~~~~~~~~ 
6 Nickel silver _ .... .............. ..... .......... 58.0 26.2 0 0 15. 5 ......•... . 15 .......... 1 .1 7 ......... . 

, By difl'erence. t [-less ihan amount given. 

(b) Fe1'1'ous 

[E lements in per cent] 

No. Samples 

II Drill·rod teeL ...............•..........•.......•..... . ...................... 

~l ~~.~~~~;~~~ .~~~~I ... ~: ~::::::::::::::::::: :::::::::::::::::::::: :::::::::::::: 
13 Chromium vanadium steel. ..•. _ •.......•••........••..........•......... _ ... 

J! I' Ct~~~~~'~~~~I:~~~~~~~~~~~~e~~I:::::::: ::::: :::: :::: :::::::::::: :::::: ::::::::: 
TABLE n .- HEAT TREATMENT 

No. Sample 
Quenched Drawn or tern· 

at o . pered at 0 • 

6 Nickel silver. ....................................••••••• 
II Drill rod steeL......... . ................... 785 
14 Piano wire.................................. '900 

13 Chromium vanad ium steeL ........ ........ 925 

19 ···h~~~iilirriiiioiyiide;;lirristeeC:::::::::::::1 ~~g 
16 Stainless sleeL .... _........................ 1,000 

I Approximate . 

200,300,475,650 
400, 500, 564 

100, 200, 300, 400 
100 
100 

200, 300, 400, 500, 600 

Carbon us C Dum Manganese PhosPhor' j Sulphur Chromium Vanad ium l\folybde· 

----1----1 

1. 3 
. 70 
.86 
.55 
. 50 
.54 
. 1 

0.215 ............ ............ 0.00 ....................•.•• 

.42 .....................................•...................•.• 

: ~~ :::::::::::: :::::::::::: ········~~f ·······O~ i9· :::::::::::: 
.64 0.02 0.03 .97 .18 ........ r ••• 

.50 .02 .02 . 86 ............ 0.21 

. 129 ............ ............ 13.20 .......•..............•• 

Dimensions of Specimens .- The effcetive length of 

the ample when mounted in the torsional pendulum 

and the average diameters are given in T able III. 

The diameter wa measured at 4 to 6 positions on 

each ample, two diameters at right angles to each 

other at each position. The average deviations of 

the diameter mea urement varied between the 

extreme of 0.1 per cent for the bra s wire umber 

and O. per cent for the oil-tempered teel wire. 
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TABLE IlL- DIMENSION OF SPECIMEN 

(a) NonJerro11s 

No. r aterial 

21 AluminuDL..... .. .. . . ................. 26.54 20 Duralumin............................. 26. 52 10 Annealed MoneL .. . ................... 27.20 JOa Hard·drawn 1\·10116L ................... 26.90 2 Brass..... ......... . .................... 27.13 8 . . ... do. ................................. 27.10 7 Phosphor bronze . .. ............. . ...... 27.10 1 Coin silver ... .......................... 27.11 6 ickel silver.. . .... ......•.........•... 27.42 

(b) F'elTous 

11 Drill Rod Steel: 

Average 
diameter, 

inch 

O. OSlO 
.0805 
. 03~~ 
. 0533 
. 0463 
.OSI I 
.0 10 
.0329 
.0377 

Average 
deviation 

in diameter 

0.0002 
.0002 
.0002 
.0001 
.0001 
. 000 1 
. 0005 
.0001 
.0001 

AS received . . .... . ... . ......... . .... 27.02 0. 0389 ...... . ... . . After heat treatmenL . ............. 27.20 . 0389 •........... 15 Oil tempered steel: As received......... 27. 06 .0390 · O. ()()();j 
14 Pia~s\:~~ived..... ... ................. 26.46 .0352 .0002 Arter heat treatment. ............... . .. . .. _ ..•.. ... ..•.... _ ........... . 13 Ch romium vanadium steel: 

As received......... . ............... 27.10 .0352 : ~~ Alter heat t reatmenL . ............. 27.28 .0346 18 Chromiulll vanadium steel: 
AS received..... .. .... .............. 27. 18 .0397 .0002 After heat treatment. •......... _ ........... . . ............ """""" 19 hromium molybdenum s teel : 
As received...... . . . . . ........... . .. 27.07 .0397 .0001 After heat trealmenL ...•.............•..... . ...........•....... . ..... . 

16 tai~~e~rv~:cL........ . ... . .......... ~~: ~ : g!g~ .0001 Alter heat treatmenL .... . ...... _._ vo .0001 

DESCRIPTION OF APPARATUS AND M ETHODS OF 
PROCEDURE 

Torsion Pendulum.-The tor ion pendulum et up 
in the temperature chamber is shown in Figure 1. 
The wire was supported at the top by mean of a chuck, 
the support for which included a provision for starting 
the swinging of the pendulum from the outside of the 
temperature chamber. These part were above the 
cooling coil hownin the photograph. The lower chuck, 
near the floor of the chambet', was attached to a holder 
for the weights which were u ed to control both the 
tensile stress and the moment of inertia. 

A platinum wire, 0.023 inch diameter, was attached 
to the weight holder. At the mid-point of each oscil­
lation of the pendulum thi wire made electrical contact 
with the free end of a fixed vertical strip of silver 0.04 
by 0.002 inch in cros section and 1.5 inches long. The 
contact was recorded on a chronograph, by the opera­
tion of one of it two relays. The other relay wa u ed 
to obtain a record of second signals received from a 
chronometer. 

All but one of the weights weI' cylindrical disks, 
each with a hole through the center. The hole served 
the purpose of centering the weight on the holder. 
T he moment of inertia of each weight was calculated 
from the measured dimensions and the mas . Oorrec­
tion was made for the slight deviations of the di. ks 
from true fla tne s. T he moment of inertia of the chuck 
and holder combined was determined experimentally 
by the tor ional pendulum method using wire peci­
mens which had been found to have, within X per cent, 
the same values of the tor ion modulus at all of the 
tensile stresses applied. This method gave an accu­
racy or about 2 per cent in the vftlue for the chuck and 

holder which i sufficient in view of the larger values of 
the moment of inertia of the weights as compared with 
that of the chuck and holde;·. The ,vire specimens used 
in this determination were of tainle s steel and bras 
Data for the weights are given in Table IV. 

Weight No . 

TABLE IV.- DATA OF WEIGHTS 

'f aterial 

I 
foment 

Weight, 01 inertia 
pouuds iu .'/Ib . 

3. ______ .• ______ Disk ________ __________ ._. Steel... _________ ~. m I ~.~ 
~:: ::::::::::::: ::: ;:~~:::::.::::::::: : ::::: :::: :~~:::: : :::::: 3: ~9 ~: ~ 5+7._._._. ____ D.sk and nng ___ . ___ ... __ Brass ________ .__ ~. 426 22'42 
~ioicie~::::::::: _ ~~s_~ : :~~~:~:~~::::::::::: ---tee?~ __ :::::::::: I: ~ 0: 532 

Temperature Chamber.- The temperature chamber 
i one II ed for te ting aircraft instruments. It i 
con iderably larger than needed for thi work but i 
well insulated thermally by about 6 inches of cork. 
If the inside of the chamber i brough t to - 30° O. 
while the outside room temperature is about + 20° 0., 
the temperature within the chamber will mcrea e to 
0° O. in about 16 hours. An ammon.ia refrigeration 
ystem wa used to cool the chamber and electric 

heaters to heat it. Th air in the chamber was kept 
tin'ed by means of an electric fan. The fan WitS 

cu t off, however, during the time when reading were 
being made in order to obviate a possible ource of 
unsteadine in the vibration. A multiple gia s win­
dow in the door of the chamber and an elec tric light 
in ide are part of the equipment. T emperatures 
were measured by a liquid-in-glas thermometer huno­
about 1 inch from the wire. A tudy of the data 
indicates that the error in the temperature measure­
ment du e to all causes does not exceed 1 ° O. 

Test procedure .- In taking ob ervations the cham­
ber wa .fir t brought to a definite temperatut'e and 
held at this value for one-half hour before obtaining 
data. By mean of the device previou ly mentioned, 
the pendulum wa then put into torsional 0 cillation. 
When the 0 cillations had become teady, the chrono· 
graph was started and left running until approximately 
100 half 0 cillations had occurred . The moment of 
inertia, and con equently the tensile tres, wa then 
increased by the addition of another weight to th e 
pendulum. This op ration required the opening of 
the chamber which affected i ts temperature. 0 
ob ervation were recorded until 15 minutes after the 
temperatUl'e had regained its previous value. This 
pl'oce wa repeated until all of the observation at fl 
given temperature were eCUl'ed. 

Thc amplitude of the 0 cillation wa 45°, very 
approximately, while ob. ervations were being obtained. 
D ata for the bra s sample umber 2 and drill rod 

umber 11 howed that the period of both decreased 
one part in 2,500 per degree decrea e in amplitude. 

The period of oscillation of the tor ion p nd ulum had 
cxtreme values of 1.5 eeond for phosphor bronze and 
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20 seconds for coin silver. For most of the specimens, 

ferrous and nonferrous, the period of oscillation of the 

pendulum had values between 4 to 10 econds. The 

accuTacy of the measurement of the period was of the 

order of 0.1 per cent. 
Ten ile stres es in the wires were computed from the 

weights given in Table IV, and the wire diameters 

givm in Table III. 

motion a the free end of the wire. The indication was 

on a graduated circle 7.7 inches in radius with grad­

uations 0.25 degree apart. 
Each heat-treated pecimen was cut from the wire 

previously used in the torsional pendulum and was noL 

independently heat-treated. The re ult by the two 

methods are therefore comparable. All test were 

made with the specimen at room temperature . 

F I .ORE I.- Torsion pendulum in the temperature cham her 

Determination of the Rigidity Modulus by the De­

flection Method.-The apparatus i hown in Figure 3. 

The ends of the specimen, which is about 4 inches long, 

are held in pin chuck, one fixed and one free to turn. 

The torque is applied by means of weights in a pan, in 

the manner shown in Figure 3. The deflection was 

measured by a poin tel' which had the sam angular 

EXPERIMENTAL RESULTS 

Temperature Coefficient of Rigidity Modulus.-The 

values of the temperature co fficient of the modulus of 

rigidity for the various material are given in Table V. 

Two value are given for each material: One, m' 
unconected for the efrect of the change in dimen ion 

with temperature or the part of the to)' ion pendulum; 
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and the other, m corrected for this effect. The coeffi­
cients are all negative ; that is, the modulus of rigidity 
decrea es as the temperature increase . 
TABLE V.- TEMPERATURE OEFFICIENTS OF MOD­

ULUS OF RIGIDITY 

No. Malerial 

Coeffici ent 

1n'x 10$ 

Uncor­
rected, I 

'" x 10' 

Corrected, I 

Tensile stress 
range, lb./sq. 

in. 

21 Aluminum_ __________________________ -58 -62 600- 2,400 20 Duralumin_ ___________________ _______ -57 -62 600- 2,400 10 A nnealed Monel. _ _ __ ___ __ ___ ________ -36 -38 3,600- 8,600 IOn H ard-drawn MOllel.___ _______ _______ -40 - 42 1,000- 6,000 2 Brass_______ __ _____ __________________ _ - 49 -52 1,600- 7,000 

! ~~f1~n~~~~r~~~~~~:::::::::::::::::::: =ii =~! 2, ~I~: ~ 6 ickel silveL______ ___ ___ ______ ___ __ _ ____ __ ______ _______ . ___ 2, 5()()-Il, 000 A, received ______ _________________ - 41 -44 ___ ________ __ _ 1' empered at 200° C__ ____________ -39 - 42 ._ _ ____ __ __ _ 'l'empered at 300° C__ ____________ -35 -38 __ ____ _______ _ 'rempered at 475° C' __ ____________ -33 -36 __________ ___ _ 1' empered at 650° C__ ____________ -3'; -38 _____________ _ 1\ Drill rod steeL ___ ___ ___ ._____ __ _____ _ ______ ______ _ 2,000- 11 ,000 
As received____ ___________________ -22 1 -23 ----- - --------'rempered at 400° C______________ -23 -24 ______ ___ ____ _ 'J'emperecl at 500° C_ _____________ -23 -24 ________ _____ _ Tempered at 564° C__ ____________ -23 -24 _____ ________ _ 15 Oillempered steeL_ ___________ _____ _ -32 -33 2,000-11,000 

All values in this col umn 10 be multipli ed by 10-' in order to obtain m' or 'Ill. 

T ABLE V.- TEMPERATURE COEFFICIENT' OF MOD-L OF RIGIDITY-Continued 

Coeffi cient 

TO. Material m' x 10' m x 10' rangeinl.h./Sq . 

I 
Tensile stress 

r¥~l ,,::rl Corrected, I 
--1-------------1---'-1---------

14 Piano wire. ___ ________ _ . ________________ ___ _____ .' _____ _ ____ 3,000-13,000 As received_ __ __ ____________ __ ____ -36 -37 ____ _________ _ Quenched at approximately 900° _________ ____ _ C_____ _____ _____ ______ _________ -40 -42 _________ ____ _ 13 Ch romium vanadium steel. ___ ___ ___________ . ___ ___________ 3,000-13,000 As received__ ____ _________________ -28 -29 __ ____ __ _____ _ Tempered at 100° __ ____________ -31 -32 ____ _ . __ __ __ _ _ Tempered at 200° C__ _______ _____ -33 -34 ______ __ ___ __ _ Tempered at 300° C____ ___ _______ -30 -3\ ___ _______ ___ _ Tempered at 400° C__ ___ __ _______ -26 -27 __ _____ _____ _ _ 'l'em pered at 500° C___ ___________ -25 -2G ___ __________ _ Tempered at 625° C__ ____________ -28 -29 ______ . _____ ~_ 18 C'hromiu m vanad iu m steeL. _____ ____ ___ ______________ ______ 2,000-10,000 As received_____ __ _____ ___________ -29 -30 ______ . ______ _ Tempered at 100° C___ _______ ____ -34 -35 _____________ _ 19 Chromium molybdenum steeL. ______ ____________ ____ ___ __ ___ 2,000-10,000 As receivoo ______ o __ ______ _________ 1 - 47 -48 1 __ ___ ________ _ Tempered at 100 C__ __ __________ -39 -40 _____________ _ 16 Stainless st~el. _ _ __ _____ __ __ _____ _____ __ __ ________ ___ __ _______ 2,000-10,000 As recelved _______________________ -38 -39 _____________ _ 
'l'empered at 300° C______________ -3\ -32 ________ ____ _ _ Tempered at 400° C_ _______ ______ -31 -32 ___ _____ _____ _ 

' [' empered at 200° ______________ 1 -31 -32 -------- - --- --

' rempered at 500° C _____ _____ __ __ -3\ -31 _____________ _ ' I'empered at 600° C __________ ___ -22 -23 _______ ______ _ 
I 

F IGURE 2.-Apparntus for hardeuing ferrous specimens 

In the course of computing the uncorrected values 
graphs were drawn for all of the material , irnilar to 
those shown in Figure 4 to 9, inclu lve. These fig­
ures show the data for the pecirnen of nickel ilver, 
stainless steel, and chromium vanadium umber 13. 

The graph of the expression ;2 against the tensile 
stress as hown in Figures 4, 6, and were drawn firnt. 
From the e the graphs of ] 2again t temperature were 
obtained as sbown in Figures 5, 7, and 9. Tbe value 
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of the uncorrec ted coefficient m', as defined by eq u a­

tion (4), arc determined by the slopes of the straight 

lines in Figurcs 5, 7, and 9, divided by the value 

of In at 0° C. 

A careful study of the primary graph in Figure 

4,6, and led 1.0 the following two conclusions: 

relation between]2 and the tensile stress at various 

temperatures for a specimen in a given condition. 

In a number of individual cases the observations 

were not in accord with the above two conclusions, for 

the di crepancies were greater than the experimental 

. I 
errol' 111 P2. As an example, ee t]1{' scattering of the 

FIGURE 3.-Apparatus Cor detennining the rigirlity modulus hy the deflection method 

(1) \ 
. I. . 1 

1: t a gIven temperature p 2 IS mt leI' constant or 

directly proportional to the ten ile stre s. 

(2) For anyone state of the pecimen the factor 

of proportionality of the relation between ]2 and the 

tensile stress is independent of temperature in the 

temperature in terval - 25° to + 50° C. As a conse­

quence of (1) and (2), stl'llight parallel line gave the 

data hown in Figure 4 for the nickel silver specimen 

in the" as received " condition and note that the data 

for - 11°C. can ju t as well be repre ented by a 

straight line of zero lope. It will also be een in 

Figure 4 that there is no such scattering of the observed 

point in the data obtained after the various heat 

treatments of the sample. It is believed that the 

scattering of the data for nickel silver in the "as re­

ceiyed" condition is due to the fact that the specimen 
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did not conform to the primary assumptions under­
lying formula (1) . These assumptions are that the 
wiTe is straight and that it is free from internal strains. 
The effect of these two factors can not be separated, 
since the internal trains produced in drawing the 
wire generally cause longitudinal curvature. 

Within th limit of experimental error it was found 

t.hat Ior a given ten ile stress, ;2 i directly proportional 

to temperature in the temperature interval covered by 
the experiments. (ee Fig . 5, 7, and 9). Po ible 
exception to this fact are th data for the chromium­
molybdenum and annealed Monel specimen, for which 
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FIGURE 4. -Effect of tensile stress and temperature on the 
rigidity modulus of nickel si lver. The moment of inertia 
T is in pounds-inches squared and the period P in seconds 

the absolute value of the slope of the curve through 
the experimental point appear to increase with tem­
p rature. However, the be t traight line \Va drl1wn 
through the point for the e materials also, ince the 
deviation doe not greatly exceed the experimentl1l 
error. This point icon idered later in greater detail. 

The coefficient m varies les than 1 per cent with 
ten ion over the range of tensile stre es applied. 

The values of m, the temperature coefficient corrected 
for the expan ion of the Pl1lt of the tor ion pendulum, 
were computed by means of eLluation (11 ). Ii 8h uld 

be noted in the computation of m that all of the exper­
imental values of m' are negative in sign. 

Modulus of Rigidity at 00 C,-The values of the 
modulus of rigidity for one ten ile stre s are given in 
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FIG URE 5.-Change in the rigidity modulus of nickel silver with temperature after va­
rious heat treatments. The moment of inertia I is in pounds-inches sq uared anel 
the period P in seconds 
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FIGURE 6.-Effect of tensile stress, heat treatment,and temperature 
on the rigidity modulus of chrome vanadium steel. The moment 
of inertia lis in pOll nels-inches squared and the period P in seconds 

Table VI. The table gives al 0 the percentage change 
in modulu for change of tensile stre s in a given range 
of stre s. 
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F IGURE i.-Change in the rigid ity modulus of ch rome vanadium steel with temperature after variolls 

heat treatments. ~' he moment of inert ia J is in pounds- inches squared and the period P in seconds 

T ABLE Vr.-MODULUS OF RIGIDITY A D EFFECT OF 
TE SILE STRES 

No. Mater ial 

Rigidi ty modulus 
at O° O. HI' 
Ib./sq. in. 

TenSile stress 
Ib./sq . iu . 

1,000 5,000 1 S,OOO 

Increase in modulus 
witb tensile stress 

tress range Increase, 
lb.jsq. io . l er cent 

-------------1--- ---1--------1----
21 Aluminum ______________________ 3.74 _______ ______ 600- 2,400 o 

.54 20 D uralumin ___________________ 3.94 _ _____ ______ 600- 2,400 

10 Annealed Monel. __________________ 9. 68 ______ 1,000- 6,000 

lOa liard drawn MoneL __________________ 9.85 ______ 1,000- ;,000 

2 B rsss______ __________ ___________ ______ 5.03 ______ 1,000- 7,000 
~ _____ do ___________________________ 5.03 _______ ______ 500- 2,400 

7 Phosphor bronze ________________ 6.42 -______ ______ 500- 2,300 

I Coinsilver ____________________________ 4. 25 ______ 2,500- 11 ,000 

6 Nickel sil ver __ . ___ _____________________ -____ - ______ 2,500-11 ,000 

As received ________ .______ _ ______ 6.25 _______________ ____ _ 

f~~m~g~ ffi~ ~ ~;~~~~~:~ ~~~~;~ n~ ~~~~~~ :~~~~~~~~~~~~: 
I I Drill rOd steel. _____ ______ ___ _ __________________ 2,000- 11 ,000 

. 45 

. 52 

.56 

.39 

. 41 
- . 62 

.97 
o 
o 
o 
o 

As received ______________________ 1 I 2 ______ ______________ .92 

'rempered at 400°0 ______ --T----- 11.1 _____ -1-_____________ .48 

'l'empered at 500° --------- ------ 11.1 1 ______ -------------- .4 
Tempered at 000° 0 _______ _______ 11 . 1 ______ ______________ .4 

1.5 Oillempered steel.. _______________ __ _____ 11 3 3,000-11 , 000 .43 

14 p'a~~~~~~J~~t:~~i~i:~;:6::: ::::::1::::::: :~~~~: :~=~~~=~: -- --- -:~ 
13 Chromium vanadIUm slee!. ____ ------ ------- ------ 3,000-13,000 1 ________ _ 

AS received _______________________ , _______ 12.6 ______________ .40 

Tempered lit 100° 0. ________ -----T------ 11 .9 ______________ .44 

'rempered at 200° C _______________ 1 _____ - 12.0 -------------- .44 
Tempered at 300° C ______________________ 12. 0 ______________ .20 

Tempered at 400· C ____ _________________ 12. 1 ______________ .20 
'rempered at 500° 0 _________ _____________ 12.1 ______________ .20 

Tempered at 625° 0 _____________________ 12.0 ______________ . 20 

Chromium vanadium steel.. ___________________ ____ 2,000-10,000 ______ __ _ 

As received __ ____ ________________________ I I. " ______________ 0 

Tempered at 100° C___ ____ ______ _______ ______ _____________ -.3·1 

19 Chromium molybdenu m stee!. _____________________ 2, 000-10,000 _______ _ 

*~~:~:ddaCl00.-C::: :-::-: :::::: _~~~:..I:::::: :::::::::::::: -: ~ 
16 Stai nless stee!. _ _______ ___ __ _ _ _ __ __ _ _ __ _____ __ ______ 2,000-10,000 ________ _ 

As received _ --- .------ ---- 12. 6 12.6 1------ ----- ------ --- 0 
Tempered at 200° 0 _________ ______ 12. 3 ______ ______________ . 1 

1'empered at 300· C --------- ------ 12.3 ------ ______________ 1 . I 
1'empered at 400° C ______________ 12.3 ______ ___ ___________ .IS 

'I'empered at.'>OO° C _ _ ___ . ___ 12.4 _ ____ ______________ .1 

'l'empered at 000° C --- ---- -- ---- 12.5 1 ______ ------------ I . I 

The modulus of rigidity was compu ted using 
I 

formula (3). The value of p 2 wa ob tained from 

graphs such as Figures 5, 7, Rnd 9. The length and 

radiu of the wire specimens are given in T able 1. 

o correction wa made for the frect of temperature 

on the dimensions of the part of the tor ion pen dulum 

ince it amount in no ca e exceed 0.1 per cent . 

The error in th e valu es of the modulus in troduced 

by neglect of the effect of damping was calculaied 

for bras samples Numbers 2 and ,and drill rod 

sample Jumber 11, ba ed on experimen tal data. It 

was found to be negligibl e (less than 10- 3 pel' cen t). 

ince the data were obt ained in the 1.1 ual manner , 

it indicates that th e work done by the vibrating 

ystem in deflecting the contact s trip was very slight. 

Microphotographs were made of three group of 

chromi um vanadium wires of the lot from which speci­

men umber 1 was t aken in order to determine the 

extent to which decarburization occurred dm-ing the 

heat treatmen t. One sample wa quenched from 

9200 O. in water , the econd similarly quenched and 

then tempered at 600 0 0. , and the third wa as 

received. The heat treatment was o-iven in the appa­

ratu previou ly de cribed. J 0 evidence of decar­

burization wa found in any of the t.hree samples. 

Howevel', t he two groups of sample which had been 

quenched from 9200 
• were found to have cracks, 

approximately radial, extendino- almo t to the center 

of the wire. 'rhe eft'ect of Lh e cracks probahly reduces 
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the apparent value of the modulus, but i not believed 
to affect the value of the temperature coefficient. 
This offers an explanation of the differences in the 
modulu for chromium vanadium pecimen umber 13 
in the "as received" condition and after heat treat­
ment (about 5 per cent). 

Comparison of Moduli Values by Deflection and 
Pendulum Methods .- The modulu of rigidity was 
also computed from the data obtained by the def! c­
tion method using formula (12). In each ca the 

J(.Jln~h~J o~ I~Jo·lc I 
Lzz·c 
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1.17 

1.16 I 
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Tensile stress,lb./sq.in. r 
FIG RE S.-Effect of tensile stress and temperature on 

the rigidity modulus of stai nless steel. 'f'he moment 
of inertia I is in pounds·inches sq uared a nd the 
period P in seconds 

t I'm M ia of formula (12) wa determined by comput­
ing the slope of the be t straight line which was drawn 
through the torque-deflection data. The re ults of 
these computations are given in T able VII, together 
with values comparable a to ten ile str s and tem­
perature which were determined by means of the tor­
sion pendulum. In order to ecure the latter values at 
zero tensile tre the kaight lines of graphs such as 
given in Figures 4, 0, or were extrapolated. The 
accuracy of the determinations by the deflection 
method is estimated to be 2 per cent. The agreement 
is, in general, ati factory . It is een that the value by 

deflection are the smaller except for aluminum, dur­
alumin, and piano wire. The difference for the latter 
material is within the experimental error. 

TABLE VII.-COMPARISON OF DATA OBTAINED FROM DEFLECTIO AND PENDULUM TE T 
[The valucs of the modulus from the torsion pendulum given below are (or zero stress in tension and have he n ex trapolated from the data) 

Rigidity modu· Maximum shear 
Tern. Ius in 10' Ib./Sq. stresses, 10' Ib./ 
pera. in. sq . in. 

No. Material ture of 1-- --,---1--....---
.spec· \ I~nen, DeOee· Pendu· DeOec· Pendu· 

tion lum tion lum 
method method tests tests 

------------- --- - ---
21 Aluminum • . •.... ... .... . ....... . . 
20 Duralwnin . .. ... ..• ...... . ........ 
10 Annealed MoneL • .•.............. 
lOa H ard·drawll MoneL . . . .... ..•.... 
2 Brass ..•.•.. .... . ......... ... .•.•. . 
8 •.... <10 •••• ••. • •• •••• •••• •••• ••••••• 
7 Phosphor bronze ••. ....... . . . •.... 
I Coin silver .•. ............ . ...• . .. . 
6 Nickel sil ver (heat· treated at 650° 

+27 
26 
28 
28 
28 29 
27 
28 

3. 9 
4. 0 
9.3 
9.5 
4.75 
4.9 
6.2 
4.3 

3.69 
3.86 
9.60 
9.68 
4.94 
4.95 
6.32 
4.32 

4. S 
5 

16 

7 
4.5 
4.5 

13.5 

C).. . .... . .. . .. ... . . .. .. . . ...... 27 6.2 6.34 13 II D ri ll rod steeL . . . ....•. .. ... . •. . .. • . . . . .•.. . . . .......... •. .. . •.... 13 Ch romium va nadium . ..........•. ... . ..•. .. .. ......... . .. 18 . • •• • do... . ... ... .. . ....... . ........ 28 11. 2 11. 4 15 il tempered steeL. .......... . .... 30 10.9 II. 1 14 P iano wire.. . ... . . ................ 29 11. 4/ 11. 3 16 tainless steeL . .. .... . ...... . ..... 27 12.4 12.5 19 hromium molybdenum.......... 28 10. II. 5 

39 
39 
54 
10.5 
3 

JO 
Il 
II 
17.5 

14 
I 
5 

8 
15 
14 
15 
15 
14 
16 .. , 
15 

Effect of Tensile Stress on Modulus.- The change 
in the modulu of rigidity for the range of ten ile 
tre s for which data were obtained is given in Table VI. 
o great accuracy is claim d for the data, which are 

pre ented merely a qualitative evidence that the 
effect eA'l ts. ee later di cu sion of re uJt for pho. -
phor bronze. 

Maximum Shear Stress es.- The maximum stres in 
shear to which the pe imen were u bj ected both d lll'­
ing 0 cillation of the pendulum and in the deflection 
test was computed from the formu la 

S=Ar G 
l (13) 

in which S i the tre at angular deflection A, and r 
and l are the radiu and length of the wire, re p c­
tively. The e value are given in Table VII. Tho e 
for the pendulum specimens are for an amplitude of 
0.9 radian. 

DISCUSSIO 

It hould be emphasized that the ab olute values of 
the modulu may be in error due to discontinuitie in 
the surface of the wire. TIll is an important factor 
in the ca e of the ferrous materials. On the other 
hand, it is believed that the temperature coefficient 
values are of greater reliability ince they depend upon 
mea urement of the change in the modulu . It is 
a umed that the effect of the internal tresses and dis­
continuities in the wire urface do not vary with tem­
perature. 

In general, other inve tigators u ing the tor ion 
pendulum, notably I okibe and aleai, Hor ton, and tho e 
preceding Horton, obtained data only on annealed 
specnnens. In the ab ence of a definite statement it is 
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not certain whether the pecimen of Koch and D an­

necker were annealed or not, but the data are character­

i tic of tho e obtained on hardened amples. 

Horton and Chevenard correct their results for the 

effect of the change in dimensions of the specimen and 

dependent parts with temperature. It i not certain 
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of the coefficient to increase slightly with temperature. 

The modulu of rigidity i computed from their data 

to be 3.69 X 106 pounds per square inch at 0° C. 

K och and D annecker' data (Reference 9) give 

- 61 X 105 for the average value of the temperature 

coefficient of the modulu of rigidity in the tem-
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FIG UIl E 9.-Chang in the modulus of rigidity of stainless steel with temperature after various hoat 
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that 1,h result of Koch and Dannecker or IokiM and 

Sakai are so corrected. 
The available data for aluminum and Monel metal 

indicate that the temperature coefficients of elasticity 

are independent of temperature within the experimental 

errol' when the e materials are in the hard-drawn 

condition, but vary with temperatme when annealed. 

All of the nonferrous metal tested in the hard-drawn 

condition had values independent of temperature. It 

is offered as a tentative conclusion that hard-drawn and 

annealed nonferrou metals generally show this differ­

ence in the temperature coefficients. Fmther details 

are given below. 
o conelu ion can be drawn from the available data 

a~ to the difference in dependence upon temperatm e of 

the temperature coefficients of annealed and hardened 

ferrous metal . 
Aluminum.- Horton (Reference 1) found that the 

modulus of rigidity of an annealed wire varied ir­

regularly with heat treatment in t he temperature 

range from room temperature to 100° O. He reports 

the temperature coefficient to be - 135 X 10-5 at 

15° C. and the modulus of rigidi ty to be 3.73 X 106 

pound per square in h at 0° The latter value i 

computed from the value at 15° 

The data of IokiM and akai (Reference 3) for an 

annealed aluminum wire give an average value of 

-103 X 10-5 for the temperat.ure coefficient of the 

modulus of rigidity in the temperature interval 

+ 25° to 76° C. Their data how the numerical value 

perature interval + 20° 1,0 100° C., wruch agrees 

closely with the value given in Table V (- 62 X 10-5 ), 

and 3.96 X 106 pounds per quare inch for the value of 

the modulus at 0° C. The condition of their wire 

pecimen , whether initially hard or annealed, i not 

stated. The value for the modulus found by Horton 

and in om experiments (3.74 X 106) agree closely but 
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FIGURE lO.-Effect of tempering Or drawing temperature upon the temperature 

coeffiCient and modulus of rigidity. Curves r are for nickel silVer, curves.u (or 

ohrominm vanadium steel and curves III (or stainless steel 

are much Ie than those reported by Koch and 

D annecker. 
D odge (Reference ) experimented with both a 

hardened and an annealed aluminum pecimen and 

found tha t the temperature coefficient of Young's 

modulus of the hardened specimen wa substantially 
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consLanL lip Lo 100° ., but that of the annealed one 
varied with temperature. Thi difference in behavior 
of annealed and hardened alum.inum may explain the 
variation in values reported by u and by Horton and 
other. An objection to thi explanation i that 
Dodge' value for the temperature coefficient of 
Young' modulus of the hard pecimen, -122 X 10-5 

at 20° ., i greater than for the annealed one, - 61 X 
10- 5 at 20° C., while a compari on of Horton's and 
our data hows the temperature coefficient of the 
modulus of rigidity of the harder specimen to be les'. 

Koch and Dieterle (Reference 11) obtained an aver­
age value of the temperature coefficient of Y oLmg' 
modulus for an annealed specimen of - 65 X 10-5 in 
the temperature interval + 17 to 110° C. This is in 
agreement with Dodge. 

It may be safely concluded from a consideration of 
all of the data that heat treatment at relatively low 
Lemperature greatly affects the temperature coeffi­
cient of elasticity of aluminum. The effect i far 
greater than for other metal considered in thi repor t. 

The data of all of the investigators mentioned above 
show fairly conclusively that the numerical value of 
the temperature coefficient of the modulus of rigidity 
of annealed aluminum increase slightly with tempera­
ture and that it icon tant for hardened aluminum up 
to about 100° C. 

Duralumin.-Koch and Dannecker (Reference 9) 
gave values 'of the modulu of rigidity at + 20° and 
100° ., which give an average value of the tempera­
ture coefficient of -46 X 10-5 in till temperature range. 
Thi appear comparable with the value in Table V 
( - 62 X 10-5), ince both data show the variation of 
the modulus with temperature to be uniform in this 
temperature interval. A ource of di erepancy in the 
two values i the probable difference in the initial 
state of the pecimens. There appears to be no great 
variation due to heat treatment or other causes from 
the value given in Table V, uch a i the ca e for 
aluminum. 

The modulus of rigidity at + 20° C. 'given in the 
above reference is 3. 7 X 106 pound per square inch 
from which is computed the value at 0° C., 3.91 X 106 

pounds per square inch. This i in clo e agreemen 
with the value 3.94 X 106 given in Table VI. 

Monel Metal.-The hardened pecimen ha a some­
what higher modulus of rigidity and larger average 
Lemperature coefficient than the annealed specimen 
bu t no great ignificance hould be attached to the 
difl"erence. 

A more ignificant diIrerence is the fact that the 
value of the temperature coefficient i constant for the 
hardened specimen (- 42 X 10-5) in the temperature 
range -14° to + 50° C., while on the other hand, it 
varies from - 21 X 10- 5 at -13° . to - 54 X 10- 3 at 
+ 50° C. for the annealed pecimen. The e values are 
estimated Lo be accurate within 10 per cent. Thi dif-

fer nee in behavior of the annealed and hard pecimens 
i similar to that reported by Dodge for aluminum 
(Reference ). 

The modulu of rigidity is given a 9.5 X 106 pound 
per quare inch by the International ickel 0., which 
probably i an average value at a temperature of about 
+ 20° C. This compares with values here reported of 
0.6 and 9. 5 pound per quare inch. 

Brass.-Koch and Dannecker (Reference 0) give a 
value of - 42 X 10- 5 for the temperature coefficient of 
the modulus of rigidity in the temperature range + 20 
to 100° C. for a brass composed of 60 per cent copper 
and 40 per cent zinc. For a pecimen of durana­
metal, uppo ed by them to be of about the arne 
compo ition as their bras specimen except for the 
addition of small unknown amolmt of other metal , 
the temperature coefficient is - 35 X 10-5 between + 20 
and 100° C. Their data indicate that the coefficient 
i independent of temperatw-e to the fir t order in the 
temperature interval + 20 to 100° C. 

The values of th temperature coefficient found in 
the present experiment are - 46 and - 52 X 10- 5 for 
the two sample of brass. The difference in the tem­
perature coefficients is not ea ily explained at first 
sight since the ab olute values of the moduli of 
rigidity were found to be alike, and since it eem 
reasonable to uppose that physical difference in the 
two samples would affect the modulus a well a the 
coefficient. It is believed, however, that the agr e­
ment in the two values of the modulu i accidental 
and that the actual values differ, a conclusion which 
appears to be confirmed by some additional data ob­
tained on brass sample umber 2 at + 30° C., which 
gave a value of the modulus about 3 per cent areater 
than that given in Table V. It i :further to be noted 
that the additional data at 30° C. i independent of 
th tres in tension. 

It is of interest to note that the data of Koch and 
Dieterle (Reference 11) give -3 X 10- 5 for the averag 
temperature oefficient of Young's modulu in the 
temperature interval + 11 to 9 ° C. 

The modulu of rio-idi ty at 0° C. i 5.59 and 5.55 X 106 

pound per quare inch, re pectively, for the two 
bra se con idered by Koch and Dannecker. Theso 
are to be compared with the values 5.03 X 106 given in 
Table VI. 

Phosphor Bronze.-The average value of Lhe tem­
perature coefficient i computed to be - 34 X 10-5 ill 
the temperature interval + 20 to 100° . and th 
modulu of rigidity, 5.32 X 106 pounds per square inch 
at 0° C. from the data of Koch and Dannecker (Ref­
erence 9). Their data how the absolute value of the 
temperature coefficient to increase with temperature. 
The compo ition of their specimen wa 93 per cent 
copper and 7 per cent tin. The re ult do not appear 
comparable ... vith those here reported, i. e., -4 X 10-5 

for the temperature coefficient and 6.42 X 106 pounds 
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pel' square ineh for Lhe modulus. This di cropancy 

may be duo to difrerences in chemical composition and 

hardness. Their valne for tho modulus of rigidity 

appears to be very low for a phosphor bronz . 

t. Clair (Reference 2) ha given data on the tem­

perature coefficient of Young's modulus based on 

mea urement of the deflection of hair spring which 

gi e a value of - 3 X 10- 5 for the coefficient. The 

phosphor bronze was of the grade most suitable for 

use in diaphragms and prings and wa in the hard­

ened condition. 
Edwards, Bowen, and Alty (Reference 5) have in­

vestigated the effect of tress in tension on the value 

of the modulus of rigidity of pho phor bronze when 

mea ured by means of the tor ion pendulum. Thi 

cffect was fir t pointed out by Pealing. Their experi­

ment indicate that the modulus increase with tensile 

stre up to a value of about 1,200 to 1,500 pound 

per square inch, and for value above tlli stress i 

ubstantially constant. The effect is greater in hard­

ened specimens and i reduced by annealing. The 

data here reported indicate an increase of 0.41 per cent 

in the modulus from a ten ile stre s of 500 to one oJ 

2,300 pounds per square inch. This increase has been 

as umed to hold good at all of the temperatures at 

which readings were made. 0 great significance can 

be attached to the value for the effect found in the 

pre ent experiments since the average deviation of the 

point from the traight line which give the relation 

between the tensile tres and t i too great. The data 

are poorer in this respect than for any other material. 

Another point is that the present experiments have 

not been conducted so as to bring out thi effect, 

although there i definite evidence that the modulus 

of rigidity of phosphor bronze and of many of the 

materials tested depends on the tensile tres. 

Coin Silver.-There appear to be no ftvailable data 

on the elastic constants of this .material. However, 

data on silver may be u ed as a rough ba i of com­

panson. 
The values of the constants for silver derived from 

the data of other inve tigator a're given below: 

In vestigators 

]Jortou _______ _____ _ . __ ___ _____ ___ _ 

Koch and Pannecker _______ __ ____ _ 
10kibO and SakaL __ _______ _____ _ _ 

SILVER 

Modulns 01 'l'emperature coefficient 
ri§idity at 
o C., 10' Average Temperatu re in· 
Ib./sC/ . in . valueXlO ' terval, oC. 

3. 90 { 
3. 87 
3. 25 

=!~ }O to 100, at 15° 

- 44 0 to 100. 
-57 + 29 to 92. 

The modulus of rigidity of coin silver here reported 

i 4.25 pounds per square inch at 00 C. and the temper­

ature coefficient, - 56 X 10-5• 

Nickel Silver.- The average temperature coefficient 

of the modulus of rigidity, derived from Koch and 

Dannecker's data, is - 39 X 10-5 in the temperature 

range + 20 to 1000 C. and the modulu is 6. 5 X 10 6 

pounds per square inch at 00 C. There is no informa-

tion on the exact composiLion of their Rpccimcn . 

The above values agree reasonably well with tho e of 

the pre ent data for the pecimen tempered at 3000 

The value of the temperature coefficient and of the 

modulu are plotted against the tempering temperatures 

in Figure 10. A study of the effect of tempering at 

various temperature by Thomp on and Whitehead 

(Reference 6) indicates a change in the intemal struc­

ture of nickel ilver with 15 per cent nickel when 

tempered in the temperature region 300 to 400 0 

and, less certainly, at a tempering temperature of 

5500 C. The data of Figure 10 do not contradict this 

conclusion but do not neces arily corroborate it. A 

change in tructure is clearly indicated in both curv 

of Figure 10 somewhere between 300 and 475 0 
. , but 

owing to lack of data in this interval the exact temper­

ature i not indicated. If a change in tructure occurs 

at 500 to 600 0 C., it i apparently without effect on the 

temperature coefficient or the modulus. 
Figure 4 how a dis tinct difference in behavior of 

the specimen before and after heat treatment which is 

believed to be typical for cold-drawn and heat-treated 

wires of nonferrous materials. The experimental 

point deviate greatly and in an erratic manner from 

the be t traight line for the cold-drawn sample, 

which deviation all bu t di appears after the specimen 

ha been ubjected to a temperature of 200 0 C. The 

fact that the modulus i independent of tension after 

heat treatment is not believed to be necessarily true 

for the other nonferrou materials. The deviation of 

individual points from a straight line for the hard­

drawn specimens of other nonferrous materials i of 

about the same magnitude. This is in general agree­

ment with the observations of other observer who 

state that it was nece sary to anneal the specimens in 

order to secure con i tent data. 
Drill Rod Steel.- IokiM and akai (Referencc 3) 

give data on a steel containing 1.3 per cent carbon 

which is substantially the same as that of the drill rod 

ample. According to their re ults, the average tem­

perature coefficient of the modulus of tor. ion is zero 

in the temperature interval + 290 C. to 77 0 C. and the 

modulus is 11.0 X 106 pounds per square inch at 00 C. 

The temperature coefficient is constant in this tem­

perature range. The value for the modulus is in 

agreement with that of the present experiment, but 

there is di agreement on the values of the temperature 

coefficient. 
Oil Tempered Steel.- 0 other data appear to hl1vt" 

becn publi hed on this material. 
Piano Wire.- Horton finds the temperature coeffi­

cient of rigidity of two annealed specimcn of IC piano­

forte wire 1I to be - 26 X 10-5 in the temperature inter­

val + 10 to 1000 C. and to be constant in thi tem­

perature interval. The modulus of rigidity i given 

as 12.3 and 1l.9 X 106 pounds per square inch for the 

two samples. 
From the data of IokiM and Sakai the average tem­

perature coefficient for a,n annealed ample of teel 

containing 0.90 per cent carbon is found to be 
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-11 X 10- 5 in the temperature interval + 56 to 104° C., 
and the modulu of rigidity to be 11.1 X 106 pound per 
square inch. 

Chromium Vanadium Steel.-Figure 10 shows that 
the temperature coefficient of the modulus is greatly 
affected by the tempering temperature, and that the 
modulus of rigidity is unaffected. The ab olute values 
of the modulus as determined subsequent to quenching 
are undoubtedly too small due to quenching cracks as 
has been previously tated. 

Chromium Molybdenum SteeL-The temperature co­
efficient (- 39 X 10-5) for this material, determined after 
the heat treatment given in Table V, is an average 
value for the temperature interval -15 to + 50° C. The 
average value in the interval - 15 to 0° C. i - 21 X 10- 5, 

and in the interval + 25 to 50° C. is - 45 X 10- 5• 

Stainless Steel.- The remarkable constancy of the 
modulus and the temperature coefficient shown in 
Figure 10 for tempering temperature up to 500° 
i analogou to the behavior of other propertie 
stainless steel. See Reference 10 in thi connection. 
A change in the ry tal structure takes place at a 
temperature some,vhat above 500° C., which account 
for the change in the temperature coefficient after 
tempering at 600° C. 

o publi hed data were found on the temperature 
coefficient. 

CONCLUSIONS 

The values of the temperature coefficient of the 
modulus of rigidity have been determined for a num­
ber of nonferrou and ferrou metal, in the tempera­
ture range - 20 to + 50° C. The value are given in 
Table V. 

Values of the modulus ofrigidity were al 0 mea ured . 
The e are given in Table VI. 

The effects of ten ion and of heat treatment were 
considered. These data are ummarized in Tables V 
and VI. 

Table VIII summarize the present tate of knowl­
edge on the temperature coefficient of the modulu of 
rigidity of the materials con idered in this paper for 
the temperature range - 20 to + 50° C. The results 
of all investigator of the e materials who e work ha 
come to OUT attention were given clue weight in deter­
mining the values given. The values are tentative in 
many ca e . 

TABLE VIII.- TEMPERATURE OEFFICIE T OF THE 
IOD LUS OF RIGIDITY IN THE TE 1PERAT RE 

RANGE -20 TO +50 0 C. 

Condition of Temperature 
Material Composition, per cent specimen coe~f~nt,l 

Alllminum ___________________ ___________ ____ _ Annealed __ _______ J -100 to -135 
Al99.5 ____ ______ ____ __ Half-hard_ _____ _____ -62 

Duralumin _______ ___ Cu 4.1.. _______ ________ ilea t-treated_ _______ -62 

MoneL. ____________ - Cu-26:Ni70.2~~~~~~ ~~~ ~~~~~a~vn-_~::~:::~ =!~ 
Cu 28.9, Ni 67.7. ______ Annealed ___ __ _____ _ -38 

Brass ___ _____________ Cu 63, Zn 35, Pb 1.8 ___ H ard-drawn _________ -52 
Cu 62, Zn 35, Pb 2.6 ________ do_ ______________ -46 
Cu 60, Zn 40 ________ __ Unknown_ ______ ____ - 40 

Pbospbor bronzc _____ Sn 3.9 ____ _____ _______ _ Hard-draWn _________ 1 - 4 
Sn 7 ______________ __ ___ Unknown___________ -34 

1 All values in tbis columu to be multiplied by 1(}-1. 

TABLE VIII.- TEMPERATURE OEFFICIENT OF THE 
MODUL OF RIGIDITY I THE TEMPERATURE 
RA GE -20 TO +50 0 C-Continued. 

J\Iaterial omposition, per cent Condition of 
specimen 

Coi n silver ________ __ _ C u . _________________ ilard-drawn ___ _____ _ 
Nickel silver. ________ Cu 57, Zn 26, Ni 15.5 ___ ____ do ___________ ___ _ 

_____ do___ ___ ______ __ _ __ H eat-treated _______ _ 
___ __ do _________________ Tempered at 200° C _ 

Drill rod steeL ______ C 1.38 ____ ________ _____ H eat-treated _____ __ _ 
Oil tempered steeL __ C 0.70 _________________ ileat-treated spring 

wire. Piauo wire ___________ C O. 6 __ ___ _____ _______ ____ _ do ______________ _ 
_____ <10 __ ____ ____ _______ ils rdened __________ _ 

Annealed __ __ ____ __ _ 
Chromium vannd i- C 0.55 _________________ ileat-treated _______ _ 

llm steel. _____ do _____________ __ __ Q~~3~g'b~mpered 

C 0.50 _________________ Unknown __________ _ 
_____ do__ ___ __ ___ _ __ __ _ _ JIardened _____ ____ _ _ 

Ch romium molybdc- C O.M __ ______ ________ _ Unknown ____ ___ ___ _ 
l1um steel. ____ _ do _____ _____ ___ ____ IIardened __________ _ 

(s inless steeL ______ CO. L _________ ______ _ Quenched,tempered 
at 200° to 500° C. 

____ _ do ___________ ______ Quencbed,tempered 
at 600°C. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

I Axis Moment about axis Angle Velocities 

Force 
(parallel Linear 

Sym- to axis) Designa- Sym- Positive Designa- Sym- (compo-Designation bol symbol tion bol direction tion bol nent along Angular 
axis) 

LongitudinaL __ X X rolling ______ L Y-->Z rolL _____ q, u p 
LateraL _______ Y Y pitching ____ M Z-->X pitch _____ e v q 
NormaL ___ ___ Z Z yawing _____ N X-->Y yaw _____ 'l! w T 

Absolu te coefficients of moment Angle of set of control surface (relative to neu­
tral position), o. (Indicate surface by proper 
subscript. ) 

L M 
OL= qbS OM= qcS 

D, Diameter. 
Pe, Ellective pitch. 
Pg, Mean geometric pitch. 
Ps, Standard pitch. 
Pv, Zero thrust. 
Pa, Zero torque. 
p/D, Pitch ratio. 
V', Inflow velocity. 
V., Slip stream velocity. 

4. PROPELLER SYMBOLS 

T, Thrust. 
Q, Torque. 
P, Power. 

(If {( coefficients" are introduced all 
units used must be consistent.) 

'f} , Efficiency = T VIP. 
n, Revolutions per sec., r. p. s. 
N, Revolutions per minute, r. p . m. 

cI>, Ellective heli.,<: angle = tan-1 (2~) 

5. NUMERICAL RELATIONS 

1 hp = 76.04 kg/m/s = 550 lb./ft./sec. 
1 kg/m/s=O.01315 hp 
1 mi./hr. =0.44704 mls 
1 m/s=2.23693 mi./hr. 

1 lb. = 0.4535924277 kg 
1 kg = 2.2046224 lb . 
1 mi. = 1609 .35 m = 5280 It 
1 m =3.2808333 ft. 




