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- STATEMENT QF THE PROBLEM

It has been found in ihe use of bimetallic strips in thermo-
stats for high temperature bperation that quite frequently the
Bimetallic blades are permanently set because of ovérload The
stresses present in bimetallic strips when operating as thermo~
stats at high temperature are due to three factors, first residual
. stresses at room temperature with no external loadlng, second in-
crease of temperature, and third mechanical loading of the strlps.

‘The objects of this investi: ation ‘are (1) to determine the residual

| stress dlstribution in the bimetallic strip, (2) to determine how

the residual stresses change when the. bimetall;c strip is subjected to
elsctric flatiron operatlng.temperature for a long period, andl(3)

to detérmine the aiiéwdble mechanical loads which may be applied

to the bimetellic strip in bending.



ABSTAACT

It is concluded (1) that under the assumption mentioned on
page 96 the residual initial stress at room temperature.in the
outer fiber of the iuvar side of the bimetallic strip ranges from
35,000 1lb. per sq. in. tension to zero stress depending on the
rolling hardness of the strip. The res%dnal stress distribution
over the entire cross sectiow wus not'determined. (2) With sub-
jection of the bimetallic strip to a temperature of 600° F. for.

- 504 hours the residual étréss in the invar outer fiber is in geu-
eral reduced. (3) When the bimetallic strip is consideréd as a
homgéeneous nzterial, the proportional elastic limit in bending
ranges from 39,000 to 126,000 pounds per square inch in the outer
fiber if the strip is bent so as to put the steel side in tension,
and ranges from 28,300 to 73,000 pounds per square inchh in the
outer fiber if the strip is bent so as to put the inver in teusior.
The proportional elastic limit varies with the roliiﬁg hardness of

“the strip.



4‘

INTHODUCTICH

Discussion . of the Problem:

It way be well at this time to include a very short analysis -
of the action of bimetallic strips with an increase in temperature.

For a complete anulysis see "Analysis of Bi-iietal Thermostats" by

S. Timoshenko in Journal * L e —
- S i i ]
"Optical Society of Amer- ' (a)

ica" July-Dec., 1925,

Vol. 11 page 233.

1
S

Fig 1 (a) repre- o (L)
sents two'metal strips.
of different coefficient I ' 1

P _ ' =4
of thermal expansion and (c)
of the same length at )
- MCL pa—s: ] )m

room temperature. With AL )

. (@)
an increase in temper-

ature the strips expand ' éEEEEEEEEEEEEEEEEEEEEEEEEEB

2s ig shown in (b) to ) ' . (e)

‘different len.ths. Now C226ﬂ¢2 y Comp  Tens

in order fo have both ' g ;57' ,
5D P> Irnvar (g)

strips of the same length o pi—

at this new temperature, | : Stee/ ;_

forces P must be applied

as showmn in (c). Suppose

now tue two strips are
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joined together while under the loads as in (c) to make a bimetallic
‘strip, then considering the two forces P at each end as momenté M,
the strip will remain ‘straight as in (d). Now removing the moments
M, as there is no external moment on a free—to-deflect heated bimet~
allic strip, the strip will become curved and will be in the same
final shape as 1f the two strips had been joined together‘at Toom
temperature and then heated, one end deflécting with respect to the
' other, (e). The final stress distribution resulting from the in-
crease in temperature is shown in (f). This is identical with the
distribution which occurs when a bimetallic strip, haviﬁg no -inter-
nal stress at room temperature, is heated. Conversely the étress
distribution resulting from a decrease in temperaturg will be the
exact opposite and is represented in (g). These stress distribu-
tions are for strips of equal thickness and qual moduli of elasti-
city, and are more complicated in the actual case, where the moduli
are different. The stress in the outer fiber in 1b. per sq. in.
is of the order of 4OTj where T is the change of temperature in
" degrees Fahrenheit. The stresses at the bond are twice as.great.
The particular problem involved is th; determination of the
residual temperature stresses in the bimetal due to a decrease in
temperature from the rolling temperature and any other residusl

stresses due to the fabrication of the bimetal.



Avaijability of Information on the Subjects

The writer has not been able bto find any report of work done
on the resicual stress distribution of bimetallic strips, most of
the literature on bimetallic strips being concerned with stresses
and deflections considering an initial stress distribution of' zero
and stresses below the elastic limit. However, a report by ir. i.
Dawidenkow in Zeltschrif't fiir Metallkundé, February 1932, » 25,
on the "Determination of Internal Stresses in Cold-Drawn Brass
Tubes® gave « method of determining residual stresses by dissolving
the tubes in acid and measuring change in diameter and length. The
writer had started somethin. similar, the dissolving of bimetallic
strips in acid and measuring the resultant curvature, before seeing
this article and worked on this metihod for a consideruble length of
time. Tils will be discussed luter,

opiniong on Kesidual Stress Distrivbutiont

Thne ﬁ. 4, Wilson Coupany, msnufacturers of bimetallic strips,
in reply to @ questlon on residual stresses gave an opinion that
"stresses can be reduced to a miniwum at some temperature ahich is
between two extreme temperatures". Mr. F. ¥. Riddington, of the
General Electric Company, was 5f the oplnion that at some temper-
ature, possibly 300° F., thc stresses in the bimetal could be
considered to be zero without much error.

Original Plan of Attack:

The suw of the internal forces acling on the cross section of



a beam 1s equal to the external force, and for the casc of a free-
to-deflect bimetzl strip, the external force is zero. This condi-
tion is then expressed as ZF = 0. The existence of residusl
stresses in a bimetallic strip then means thal some fibers or sets
of fibers are in teusion at the expense of others being in compres-—
sion., From the condition of equilibriwn can be written the equa-
tion that the external moment on & beam ié equal to the internal
moment and for this particulur case, a free-to-deflect binetallic
sirip, the external moment is zero. Therefore > M = 0. These two
equations may now be written as integfals in terms of the stress

at any point distant y from the neutral axis of the beam. They are

H
zZ

+
(1) ZF;‘/éa/y e,
Ve
g +8
(2) ZMf/ Sy dy = O
’ _ A
Z
where the beam is ol unit width and of depth h. S is the stress at
any point y. The first equation shows thet the magnitudes of the
positive forces must counterbalance the nepative forces, and the
second equation shows that these forces must be so distributed that
the moment of the forces about the neutral axis is zero, i.e. there
is as much negative moment as positive moment. It is thus seen
that residual strcsses may be present in bimetals. Definite proof
that there are residual stresses is obtained by dissolvin, & »iece

of bimetal and watching the strip take on a curvature.
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The rolling of metal strips gives rise to residual stresses
being present in the rolled.strip. These residual stresses are
disﬁributed symmetrically over t?e cross section of the strip; in
general there is residual tension in the outer fibers and residual
compression in the center fibers of the strip. Since bimetallic
strips dissolved in acid always took on a curvature such the! une
steel'side, the high expanding side, became concave, it wis con-
cluded that residual stresses due to temperatﬁre change must be
present'and that this temperature change was the decrease in temper-
afuré the bimeial underwent in cooling from the rolling %emperature
to room temperature, Therefore a stress distribution somewhat like
that shown in Fig. 1 (g) is to be expected. Cormp. Tens.

That distribution is sketched here again for ;57

Irnvar

reference, It is seen that the outer fiber
of the imvar is in tension while that of the e
steel 18 in compression. Also the bond fiber Stee/ ;977

of lswar is in compression while the bond : Afé

fiber of steel is in tension. The effect of

external loads on the strip is to add bending Fig 1 ig)
stresses to this residual stress distribution. The effect of in-
creasing or decreasing the temperature of the strip is to add
temperature stresses to those stresses already present. Thus in

casé of combined heating and loading of a bimetallic strip, the
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stress distribution is the sum of the residual stresses, the temper-
ature stresses, and the loading stresses.

The essumption is now made that the individual materials in the
bimetallic strip have the same proportional elastic limit in tension
as in compression. Refer now to the sketch of a probable qualita-
tive stress distribution shown in Fig. 1 (g). Considering the outer
fiber of the invar side it can be seen that in bending the strip so
that the loading causes tensile stresses in fhe invar side, the
outer fiber will reach its proportional elastiec 1limit at a lower
external moment then if the bending of the strip were in the opposite
direction. The sams consideration can be mede for the steel outer
fiber, 1.e. if the strip is so loaded that the steel is put in ten=-
sion, a greater external moment will be required for the stress to
be changed from an initial residual compressive stress, through zero
actual stress, up to the proportional elastic limit in tension than
would be required to reach the proportional elastic limit in com-
pression with bending in the opposite direction., Bending of & beam
sets up a linear stress distribution over the section of the beam,
compression on the concave side, tension on the convex side, and
zero stress at the middle. Therefors relatively high residual
stresses near the center of the beam will not be disturbed, i.e.
they will not be brought up to their proportional elestic limit by
external loading, and the proportional elastic 1imit obtained in

bending of the bimetallic strip may be considered to mean that an
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outer fiber has reached the proportional eiastic limit. It is for
this reason that transverse bending tests w;re made in this investi-
gation. A suitable combination of the results obtained in this way
willlgive a value for both the residual streos»and the proportionel
elastic limit.

Now conaidering again the sketch of Fig. 1 (g), it is seen that
presumebly the bond fiber of the steel is in the highest atats of
residual tension; therefore if a direct tensile force is applied over
the cros§ section of the strip, i.6. one whieh will add tensile
stresses tp gll parts of the strip, it is likely that the bond fiber
of steel will com up to the proportional elastic limit first. How-
ever if the proportional elastic limit of the Invar is considerably
lower than that of the stesl, the outer fiber of the invar may
reach the proportional elastic limit first and‘thua caugse the strip
@8 8 whole to reach a proportional elastic limit. It is for this
reason that tension tests were made on the bimetallié strips, for 1if
the stress necessary to bring the material to a proportional elastic
limit is known, and if the proportional elastic limit of the indivi-
dual strip is determined separately, then the residusl stress at the
particular point in the bimetallic strip will be known.

Conversely the addition of a uniform compresssive stress to the
bimetallic strip cross section would bring the invar bond fiber to a
proportional elaastie limit first and in the same way would be a fac-
tor in the detérmination of the initial residuasl stress at that

point. However, compression testing is so complicated dus to the
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difficulty of central ioading of the spécimen and dus to buckling
of specimens that such tests eould not be satisfaetorily carried out
for the bimefals.

Again referring to the sketoh in Fig. 1 (g) qonsider what
effect a change in temperature will have on the stress distribution.
Since this presumable stress distribution is a temperature stresé
distribution, any change in temperature will simply change the mag-
nitudes of all the residual stresses proportionally, diminishing
all stresses. toward and through zero to stresses of the other sense:
with an increase in temper’ature, or an increase in all stresses in
the seme sense with a decrease in the tempersture. Thus with an
inerease in temperature the bond fiber of the invar will probably
reach a proportional elastic limit first, while with a deoreasé in
temperature the bond fiber of the steel will probsbly reach a pro-
portional slastic limit first. There are two ways of detecting the
passing of tbe proportionsl 1imit due to temperature stresses (1)
~ by plotting the temperature deflection eurve and finding the break from
proportionality and (2) by repeatedly heating to successively highor
temperatufea, cooling the specimen to room temperature between each
heating, and measuring the permsnent set taken by the specimen.
Probably oniy the sseond method could be used in the case of cooling
to temperaturee below room tempersture. The determination of residuel
’stressas by this method was not done because of the numerous 4iffi-

culties involved, mainly (1) changes in strengths and elastie limitas .
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of the metals with temperature, and (2) changes in the moduli of
elasticity with temperature. |

The §ropertioa of the individual metals were to be determined
- from tests on samples of various hardnesses rurniahed by the manu-
facturers. The properties of the sides of the bimetallic strips
were to be determined by & correlation with their hardness and the
hardnesses of the test semples of the individual metels.

During the course of the investigation, a method of measuring
stfees distribution by dissolving in acid was developed and work

done along that line, which, as mentioned above, will be discussed

later in this report.
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EXPERIMENTAL WORK

Terminology:
Bimetallic strips are made up of two strips of metal, ome of

whose coefficient of thermal expansion is higher than that of thq
other. The manufacturers distinguish between these strips by cell-
ving‘them *high expanding steel” end "low expanding steel® respectively.
The writér haes used these terme and also the words "steel” and
"invar" to meen high end low ozpandiﬁg strips, reapectively. It is
$0 be understood that invar is a patented alloy of about 364 nickel
in iron, which according to the chemical analysis following is not
the same composition as the low expanding steel.

The phrases "residual stress” end "initial stress” are used
interchengesbly.

Materiels used in the investigetion:

4

The first sets of tests made were transverse bending tests and
direct‘tonnion tests on four hﬁrdnesses of the H. A. Wilson camphny'-
Highheat Thermometal, representing the four tempers of Highheat
Theimnmetal. The specimens used for b@nding were designhted as 1-1IT,
l~-IC, 2-IT, ete;; the number representing the material and the letters
designating inver in tension (IT) and invar in compression (IC).

The specimens pulléd in tension wers given the numbers 1GES3, 2GES3,
3GES54, & 4ACEBS, the first figure representing the material es above
aﬁd the GE number a number given the sgpecimen by fhe writer. After

the above samples were tested, all further samples were hested for
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one hour at 650 deg. F. at the suggestion of .the H. A. Wilson Company
so that the materisl would be in the seme condition in testing as it
was intended to be in the thermostat.

The set of feats referred to later as "oven tests" was made.on
the three hardest of the four hardnesses of highheat thermometal
purchased mm the B. A. Wilaqn coQ The specimené were designated
by three characters such as 2P4 and 3B2, where the first figure
represents the material, as above, the letter represents the time
whiqh'the specimen was in the oven, and the last figure is the spsci-
men number. The hardness of these specimens and those-ﬁaed in
the firﬁt set of tests was givon by the Wilson Co. a8 #fl-fully
annealed, 52-15 points hard, #3-10 points hard; and #4-20 points
hard. This is rolling hardness and corresponds to reduction in
thicknesa after the last anneal.

At the request of the writer the H. A. Wilson Co. sent samples
of the individual strips which make up the bimetal. Strips of high
expanding steel from heat #5147 end strips of low expanding steel
from heat #7384 of four rolling hardnesses were sent. Also samples
of highheat thermometal made up of the sbove two heats were sent for
tést. Thaao were all sent without qhargo.' The designétions of these

afripa follows:
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Stesl  Type of Steel  Heat # " Rolling Hardness
No. 055 .040 026 Fully
Annesled
2  High Zxpending 5147 2-4 2-B  2-C 2D
Highheat
3 Low Expanding 7384 3~A 3-B 3=C 3=D
#47 Highheat
Thermoms tal Heat # _Rolling Hardness
' .020 ~ L015 010 Fully
Annealed
Highheat 7384 ve. 5147 H=A H-B H-C H-D

To the samples of the individual steels the numbers 1 & 2 were pre-
fixed to 4snote the number of the. specimen. To the samples of the
thermomstel used in transverse bending the numbers 1 & 2 were pre-
fixed as for the individual steels. To the samples of thermometal
uped in direct tension the numbers 1 & 2 were suffixed to the number
given in the taeble above. These bimetalliec strips (7384 vs. 5147)
will be spoken of as "H-thermometal”.

A shemicel snalysis of the steels 2 & 3 and the H-thermometal
was made by Mr. %. F. Hirsch of the Industrial Research Laboratories,

Los Angeles. The compositions are given in the following table.

Specimen % Carbon % Chromium % Nickel 4% Iron
Steel #2 .08 11.16 18.20  balance
Steel #3 07 none 41.80 balance

H-thermometal .09? 5.51 30.15 belance
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Transverse Bending:

In order to determine the strengths of thermometal in transverse
bending a cantilever bending machine vas.doaig;od by Mr. Riddington
of the Genersl 7lectric Company and the writer. This is shown in
Tig. 2, page 17, while the sketsh in Fig. 3 shows the forces aecting

on the tested strip.

Y 3 S
o0,

S,
// //,<)

Fig. 3

The mschine consists of a fixed support for the strip, and a
loading rod and pans for applying:the load. The deflection of the
loaded poiﬁt of the strip is measured by ah Ames disl gage resting
on the end of the loading rod. The edge of the block may be set
at any convenient distence rram~2Pe loading rod_bf 8liding it in
a slot in the four inch chdnnel section base of the machine. A

straight wire is screwsd into the strip outside the loading point
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Fig. 2.
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and its angle with the horizontal (amgle A) is measured with a mach;
inist's protractor during the test. The loading rod is mounted in
three bearings in a veftieal line. The readings taken during the
transverse bending test are (1) load on the rod, (2) deflection of
rod, eand (3) angle A. As the load P (see Fig. 3) increases the de-
flection and the angle A increasse. Since the end of the loeding rod
is ; ball'péint, the force on the strip is normal to the surface of
the strip (N in Fig. 3) and hes as its components P the vertical
force dus to the loed end R a horizontel reaction due to the inclina=-
t;on of the nqrual force. The bending moment on the strip at its
support is due to both P end R. In order to determine the effect
of R, its magnitude is found by getting the inelination of N through
measuring the angle A} the mament arm of R is & function of the de-
flection of the strip. The stress is (M§N)e/I and the unit strain

is chgtxl y + where M is the moment due to P, N is th~ moment due
17 (2Ne3))

to R, ¢ is the half-thickness of the strip, I is the moment of inertia
of the oross section of tﬁe strip, y 1is thg deflection under the load
P, and 1 is the length of the strip betwesn the support and the load
P. The units used are pounds and inches.

The bending tests were carrisd out under the assumptions (1)
that the materiasl was of the same modulué of elasticity throughout,
(2) that the ordinary beam fbrmn;ae held for this loading, and (3)
that the atrip was narrow in comparison with its length. The first

assumption is obviously not correct for the bimetals. A correction
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was later applied to the results so that ectual stresses in the invar
and the steel would be known. The method of calculation of this
correction is discussed later, end does not invalidate the results

of the testing.

The effects of original curvature of the specimen, zero load
(weight of the pans and rod), zero deflection, and zero load angle
reading A were taken into account. The friction at the loading
point was minimized with a drop of oil, and‘the friction on the load=
ing rod at the besrings was eliminated by the vibration of the entire
framework‘or the machine by an electric buzzer seen mounted on the
left side of the frame (Fig. 2) and by revolving the loading rod
manually.

The size of the test specimens for the oven test samples and the
H-thermomsfal was .030" by 3/8" in cross section with a gage length
of 1", The width of the first set 1-IC, etc. was 2". In all the
succeeding bending tests the width of the 12" gage iength specimens
was redueed to 3/8" as it was felt that erroneous results would be
obtained with euéh a comparatively wide specimen.

The results of the testing of thermometals in transverse bending
are given as aﬁresa strain curves of the outer fiber of a homogeneous
material and are to be found iﬂ Appendix A. The original date for
all curves in Appendix A are to be found in the sams order in Appen-
dix C. The determination of the physical properties in bending for

the transversely tested specimens is given in Tables I to IV, starting
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‘on page.34. ' The corrected values of actuel stress in the strips at
the propo;tional elastic limit of the specimen are included in these
tables. | |
The method of loading the specimen in the transverse test is

not the simpie addition of increments of 1oa§ to the specimen, but |
the addition and removal of ﬁhe entire load (except zero load, the
weight of the rod and pen) for sach loading. In this way any ﬁér—
menent set may easily be detected by a change in the zero load read-
ing. The zero load reading was read after each removal of load to
the nearest third of a division on the Ames dial (1 div.-.001l"). A
curve :epresenting the increase in zero load reading for each addi-
tional 1oéd during the test was plotted and desiénated as the "delta
set curve". If the abscissee éf the points o;-the delta set surve
' opposite the experimental points on the main curve be added together
up to eny load or atreaa,vthe sum will represent the total set of
the specimen at that stress. The delta set curve then represents
the rate at which the set is increasing. The writer hes noted in
general thet where the delta set curve starts to increase.rapidly,
the main curve may be seen to deviate from proportionality. The
true elestic limit is that meximum stress which may be applied to a
material without any permanent deformation. If then this definition
were adhered to, the elastic l1imit of many of the samples would be

a8 low as 20$_of the value chosen as the proporfional elastic limit,

aﬁ ons third of a division on the dial represents, in some ceases,
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only 000005 inches per inch unit strain. Therefore the proporticnal
elastic 11mitvaa picked out for each curve wes chosen with two fac~-
tors in mind. (1) the shape of the delta set curve and (2) the devia-
tion of the main curve from proportionality.

The fine line paraliel and to the right of the main curve repre-
sents the unloading of the specimen between the points connected.
This line terminates at the zero load strésa.

Direct Tension:

- \

All of the direct tension testing was done on a 3000 1b. Riehle
tension machine. Fig. 4 shows the machine, including the loading
wheel, the beam, the specimen holders, and the specimen in position
for testing. The load is applied by hand and the beeam is balanced
for the load reading. An extensometer of 10 centimeter gage length
was used for measuring the extension of the specimen. The extenso-
meter dial diviaioné are in hundredths of millimeters, sc that the
extension of the 10 om. length of the specimen by .01 mm._would move
the dial pointer one division. Therefore the diél reads directly in
1/10000 unit strain. The detaile of the extensometer and specimen
set up may be seen in Fig. 5. The method of taking the readings on
the test was first loading the specimen by the hand wheel until the
dial pointer was directly over a scale division pn the dial and then
belancing the beam aid reading the load to the nearwst pound. Until
after the materiasl being tested definitely passed ths yimld point,

readings of load and deformation were taken for every 1/10000 unit



Fig. 4.
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strain, i.e. for every scele division. After the yield point the
strain increment was gradually increased as the load did not increase
as quickly. The rate of loading below the yield point wasbapproxi-
mately .0015" per minute; this rate increased above the yield point
graduslly up to .03" per minute.

fig. 6 shows some of the tensile test specimens, somewhat re-
duced in size. The H-thermometal tension specimens were ..030" thick,
2" wide at the ends and milled to 4" for a length of 44" in the cen-
ter. The invar and steel specimsns were .080" thick, 4" wide at the
ends and milled down to 4" for the seme length in the center.

In Fig. 6 1t may be seen that the ends of the top specimen are
bent to thq shepe of an "S® o £it into a certain set of holding
clamps. Much difficulty was encountered in the holding of the speci-
mens with the clamps end wedges that were at hand in that the speci-
mens being hard would slip in the hoidera, and it was not until a
hard set of wedges was made up that this difficulty was overcome.
The objection to the "3" gclamps was that the specimen was not always
straight and bending as well as tension derormatioﬁs would be measured
--this is seen very well on the curve #1-3A, page B-17. With the
new set of wedges the remeining strips were pulled without bending,
without slipping, and without difficulty. See the center specimen in
Pig. 6.

It is to be noted that the tension testing was not done in the

same manner in which the bending tests were made, i.e. the permanent
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set after each increase in load was not measured. Measurement of
the final elongation only was made after fajilure because in the ten-
sion test unloéding is very delicate and troublesome. Due to the
method of applying the load to the specimen in this particular ten~
Qion machine, there is a noticeable torque put on the specimen
bécause of the loading screw. It is thersfore importént_during the -
course of each test to load the strip with increases of load only;
thus any permansnt sets meaéured after unloadi;g would be of ques~
tionable value. |

The propoftional elastic 1imit in tension was chosen by inspec-
tion of the stress strain diagrems as that stress where the stress
was no longer proportional to fhe strain. The genersl shape of the
tension curves was one of gradﬁal deviation from the Hooke's law rela-
tion and in general a considerable amount of elongation just below
the ultimaete strength.

In order to show the entire range of the curve and the elastic
portion clearly on one sheet of paper, a contracted scale wes used
for the stress strain relations sbove the first one per cent unit
atrain. .The curve drewn to this confracted scale is shown as a bro-
kgn line.

In general before the tension spocimanvfiilcd, it started to
neck down somewhsre within the gage length. .With this necking the
balance beam of the tension machine dropped, and with suceessive

elongations of the specimen the load on the specimen dropped. The
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following of this decrease in load may be séen in the diagrams just
previous to the failure of the specimen. Although the actual physi-
cal stress increased as the élongation increased, the engineering
stress, based on the original cross sectional aréa, decreased rapidly.
An effort was made to keep the beam balanced up until the moment of
failpre, but just before failure occurred the losd fell off 80 rapidly
that the beam could not be balaneed.

The results of the tension testing of both the thermometals and
the individual metals are given as stress strain curvee of a homoge-
neous material and ere to be found in Appendix B. Tﬁo original data
for all curves in Appendix B are to be found in Appendix D. A tabu-
"lation of the physical properties observed from the tension tests is
included with thdae in transverse bending in Tables I to IV, starting
on page 34. The corrected values of the actusl stresses in the bi-
metallic strips are included in these tables. The method of calcula-
tion of the correction of the above values is developed later, as use
' is made of the results of the tensian tests of the individual metals
in tﬁo ccmputation. |

Hardness tests:

Measurements of hardness were taken on at least ons of each kiﬁd
of sample. These were (1) Secleroscope, (2) Rockwell "B™ with 100 kg.
load using s 1/16" steel ball, and (3) the Diamond Brinell, which
measures the load 1n.kilograms per unit area necessary to indent a

%-mn. diamond ball 9/5000" into the materiesl being tested. The



vgiues read correspond to actual Bfinell nuﬁbers without conversion.
Only the diamonﬂ brinell hardness has no "anvil effect™ due to the
«030" thickness of the bimetallic strips.

The data taken on hardnesses of the specimens used in this inves-
tigation are incorporeted into the Tables I to IV, page 34ff.

Several efforts were made by the writer to correlate the physical
ﬁroporties of the testéd.samples with their hardness, but were made
without the desired success. The relation between ultimate temsile
strength and Monotron Diamond Brinell hardness is shown on page 29
for the two sets of steels, the high expanding and the low expanding.
Only a general relation cen be identified and as is seen by the dif-
fering valuss of strength for two samples of the same maferial and
hardness this relation is indefinite. The ranges shown for the two
metals are charted to ineclude all the tests made on sach metal. Four
different diamond brinell hardnesses, corresponding to the four rol;
ling hardnesses may be distinguished for the high expanding steel,
while for the low expending steel it is to be noted that the three
highest rolling hardness samples all gave a single velue for diamond
brineil. Therefore becausse of the spréad of valuos,'the hardness
strength relations have proved of little value. What wes particularly
desired from the hardness tests was a relation between the propor-
tional e}astic limit and the hardness of the materisl, but as men-

t ioned above no such relstion was found.
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Oven Tests:

Several specimens of the three hardest types of highheat thermo-
metal wers kept at a temperature ranging from 600 to 625 deg. F. in
a thermostatically controlled oven for various lengths of time.
.Sets of samples were taken out at 3, 24, 96, 168, & 504 hours, those
being taken out at 3 hours named B and those at 504 hours named F.
Only the specimens of these two lengths or‘heating were tested, the
others still remaining on hand; The tests made on these specimens
were transverse bending in both directions and the three hardness
tests mentioned above.

The curves plotted from these bending tests appear in Appendix
A, peges 9 to 20 inc.; the data are in Appendix C. The physicel
propertiss of the strips used in the oven test arse tabulated in
Table II, page 35. The results of the oven test cannot be discussed
at this point and are taken up later, page 63, after a consideration
of initial stress distribution, which can not be made at this tims.
The resulte of the oven test are given later in Tables V and VI,

page 61f.

Acid immersion method of determining stress distribution:

During the experimental work involved in this investigation a
pisce of brass invar bimetal (not highheat thermomestsl) was immersed
in nitric acid until the brass side was completely saten off. There
was noted a slight change in curvature in the remaining inver side,
which side being highly resistant to corroaion was not eaten by the

acid. Some time later the writer tried dissolving the bimetallic
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strips in aqua regias. As the specimen waaleaten by the acid and
decreased in thickness, it took on a very noticeable curvature; it
also warped. The top specimen shown in Fig. 7 is such a strip.
This bending of the strip shows the existence of residual stresses
in the strip. |

The writer worked out a method of measuring the megnitude and
distribution of these residual stresses under a few assumptions (1)
thet the aecid will eat the material at a uniform rate over an appre-
ciable length, (2) that the strip is long as compared with its width,
and (3) that the curvature can be measured sufficiently closely. The
generel equation devsloped is

—
=

Z 0,0k + s

where l/g.is the change in curvature, Ek is the averasge stress in the
steel betwasn the original outside fiber and the new outside fiber,
g; is the corresponding stress in the invar, and a; and a, are con-
stants depending on the dimensions of the strip at the time the cur-
vature is measured.

In the ebove equation it is to be noted thet both and therefore
" neither of the unknowns S5, and E; can be determined simply by measur-
ing the radius of curvature, r. Therefore, in order to use the equa-
tion one of the constants must be made zero, which is done by allow=-

ing only one side of the strip to be dissolved in the acid. 1In this

way the atress distribution over the entire cross seetion can be
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determined.

| A good deal of work was done experimenting with methods to pro-
tect one side of the strip from acid ection. The plating of a very
thin layer of gold on the side to be protected, suggested by Dr. D. S.
Clark of the California Institute of Technology, proved to be tﬁe
most successful. However no quantitative results were obtained end
the method given up due to the limitation of time and the necessity
of making numerous physiecal tests on the other gamples. The main
difficulties involved were (1) the gold plate did not form a perfect
bond with either side of the bimetallic strip although the strip was
finely polished and thoroughly cleansed before plating, (2) the
nitrie acid, not a solvent of gold, penetrated underneath the gold
plating and dissolved enough of the strip to cause the gold plate to
flake off, (3) the rate of eating is greater right at the edge as is
seen in the two center specimens in Fig. 7, and (4) that the specimen
warped as well as bent and it was difficult to kmow where to measure
the curvature. |

Pig. 7 shows at the top the acid eated specimen mentioned above,

a gold plated specimen from which the gold is starting to flske, two
specimens showing the differential eating at the edges, a strip of
gold flsked from a speéimen, end last a gold plated specimen with

the plating wire still attached. Fig. 7 is actusl size.
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TABLE II - CVEL  TEST SPECLLERS
Transverse Bending Stresses at -
Hardoes ze Provortisnal Elastic Liwit e
(1020 lb. per sg. in,) g #=
& + O
© 0 et
2 | 8l a4l s £teel in Tens. |Invas in Tens. 2 .
E o o 18 Iavar in Comp. |[Steel in Comp. o
g | 8] o - o &
< jh 1 O Q. (723 n w 9] [} 7] (6]
£1 Uil A 1 (o} 0 (7] 0 n (] n -0
- | e S o . @ ) O o g
2 |3 B |97 o 3 Bl Bl B| Bl B |24
£ Q & 5 5 59! 0 0 a2 0 o ..
I - O I = 0| ~ o o
3 A |88 % | E| %) & Bl 3|8 |48
S| g 5l 3| & a2 2
S| @ M S| oW — @
A M
" 2B2 | I| 230
2B2 | & Q90 63| 67| 60 2239
2B4L | I 98 | 40 123( 133| 117 23,
2B4 | 8 98 | 43
AFL | I| 225
2F1 | 8| 290 ‘ 73 77| 69 22.6
FL | I 100 | 39 124| 131 118 2343
2F4 | 8 100 | 43
3B2 | I 96| 36.5|° 93| 99| g8 8.5
3B218 98 | 38.5 931 99| 88 222
3B4 | I | 210 60 64 57 213
3B4 | S| 265
3E3 11 96| 36
 3F3. 8 97| 38 12| 119) 106 “1 223
3F4 | I|R225 68| 72| 65 2wl
3FL | S| 245
4BL | I 99 | 40
4B | S 100 | 45 60| 64 57 217
4B3 | I | 220 126| 134| 120 : 22T
4B3 | 8 |.300
LF2 |1 101 | 39.5
LF21 8 102 | 45 63| 67| 60 Sl
4LF3 | 1| 205 143] 130} 117 2243
4F3 1 S| 300
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TABLE III IGKLIVILUAL METALS
Proportional | 4 Hodulus of
) ~etice V4 @] f il b
Y Havduessan Flastic Limit = Elzst1c1t;
2 ' (1000 pes.is) | S | (107 pes.i.)
= < o
5 1
" o = Lo
o : |53 Ba
= o = i) o ] & e 3 20
o &y O 5 o IS DO ) 5
® SN 8 a g | B8 a s
[N ye! e 0 < ,g VSR o S
w o o 4 o . o @ ~— @ @
5} = o9 g £~ o0 . € m
8 |88 - .
o QD 9] s
Q ot 05!
24 300 | 110.5 54 :
1~-24 72 143 28,8
228 95 135 Z5+5
2B 295 |108.5| 51 '
1-2B o 124 .
2=2B T4, 1z4 270
<G 255 | 135.57 43 :
1-20 47 112 30.4
2-2C 76 105 R7e2
<D 150 72.5| 18.5
. 1-2D : 21 74 21,0
2=2D <J° 73 7.3
34 230 | 106 &b
1-34 T4 109 199
2~3A 73 100 2048
3B 230 | 103 45
1~3B 67 105 217
“=3B T2 106 PN
3C 230 | 10z Lzeh
1-30 61 100 2043
<=3C 63 100 215
3D 142 79 <1l.5
1-3D <8 33 73 1.7 184
<=3D 19 69 18.5
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INITIAL STRESSES

The oaloﬁlation of the initial stresses in the bimetallic strip
involves & number of steps, including the determination of the moduli
of elasticity of the steel end the invar, the releiive thicknesses
of each metal in the bimetal, and the corrﬁetion or reduction of
the proportionel elastic limits obtained in the festa to astual
stresses in the invar and steel sidog of the bimetal. After thess
steps are takgn- éertain assumptions are made ang the msi@ual initial
stress in the outer fiber of the invar side of the thermometal is
calouleted. The distribution over the remaining portion of the
oross section can only bé estimated.

In Tebles I to IV are tabulated the results of all the hardness
tests, the proportional elastic limits in bending and in tension,
the moduli of elasticity of the strip as & whole in bending and in
tension, end the ultimate strength of the strip if msasured, for all
the strips 1nveatieatéd. Each table is for a definite set of sam-
ples, Table I giving the results for the stook ﬁighhoat thermometal,
Table II the results of the oven test samples, Tabio 111 the tests
on the individual metals, and Table IV the tests on the H~thermometal.
The properties mentioned were teken from the hardness test dats and
the stress strein curves in bending and in tension. Als® included
in these tables are the corrected values of actusl stress in the

invar and steel sides of the bimetal when the bimetal as a whole
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reached its proportional elastic limit. The method of caleculation
of the actual stresses follows.

Determination of the moduli of elesticity of the individuel metals:

The values of the modulus for the high expanding steel were
taken from Table III. Thé average of these figures in milliom 1b.
per 8q. in. is 26.9; leaving the value of 21.0 for §1~2D, one of
the sorteéﬁ specimens, out of the average, a figure of 27.7 is
obtained. Again if the highest value, 30.4, is left out also, a
figure of 27.16 is obtained. The writer feels that a value of E =
27,000,000 1b. per 8q. in. should then be taken as the steel modulﬁs
of elasticity.

The average of the moduli in million lb. per sq. in. for the
low expanding steels is 21.05; leaving out the value of 18.5 for
#Z-SD,. the average becomes 21.4; leaving out the value of 19.0 for
#1«3A solely because it was low in comparison with the others, an
average of 21.8 results. Again, using all the figures and listing
them in the order of their masgnitude, the median two figures are
3l.,7. Therefore a value of 21,500,000 1b. per sq. in. was chosen
as the modulus of elasticity for the low expanding steel.

The ratio of the modulus of the invar to th;t of the steel is

then

Vg =5 796 o <:?ZE§C:7



Reduction <f tensile test results on bimetal strip:

As hes been mentioned before the tension test curves for the
bimetal strips were based on the agsumption of a homogeneous specimen;
since the bimetallic strip is made up of two strips of metal 61‘ dif-
ferent moduli of elaati'oity, a correction ia necessary to obtain the
moduli of the individual metals. Consider the sketches in Fig. 8.
The upper figure represents the cross section of the strip considered

as 8 homogeneous material; the lower figure represents the equivalent

steel section, obtained by reducing the

A
width w of the invar side to nw and consid- ?
ering then this resulting area as the cross N ——
section of a steel strip being pulled in 4—-/7;4/_,-' }
tension. (n is the ratio of the moduli.) Trivar | N %

=T Q
(1) For a rectangular cross section ce/ j % Y
the elongation is given by
_ o Fig. 8
Y = 5 .
(2) Tor the reduced section the elonmetion is
= Pk
YT a4,

where P is the load, 1 is the length of the épeoimen, A and A, are
the rectangular and reduee'd section areas respectively, and E¢ and
Ee are the moduli of the hom;agonaous material (the observed modulus)
and the steel side respectively.

From these two. equat ions

__f;t = /i." = Yol f 7 9
zZ A
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where n is the ratio of the invar to the steel modulus, f is the
fraction of inver, end g the fraction of steel in the cross section
of the actual strip. This oqwétion is charted as a set of curves
on page 42. Thus from the curve the relation between the robaerved
- modulus end actual steel modulus may be obtained for any value of
‘nemdf. (£4g=1) |

The value of 0.80 was found far n as shown above. In order to
determine the relative thiscknesses of the invar and the steel sides
in the thermometal, seamples of the four hardnesses of H-thermometal
were clamped together between two brass blocks, ground and polished
on their edges and so prepared for observation under the mieroseope.
An etch of aqua regié showed the structure in the stesl side of the
gtrips and definitely marked the boundary of the two metals in the
bimetel strips. This etech d4id not bring out the structure of the
invar side. At a magnificetion of 62X observations were made of the

relative thieknesses of the sides of the strips with a Pilar micro-

meter, with the following results:

H-A H-B H=C E-D
Fraction steel (g) .495 «505 523 475
Fract ion invar (f) <5056 «495 477 «525

The above figures represent averages at three locations. The average
of these avereges is g s .4995 and f = .5005. Thus it 1s seen that
the error in considering the sirip half and half 1s negligible.

Therefore the relation E,/E, = (.8)(.5) ¢ (+5) = 0.9 for the
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bimetallic strips.

Now 15 order to find the stresses in the two sides separately
from the average stress calculated for the tension test curves, con-
sider Fig. 9, which represents a specimen of two - F

materiaels being stretched in tension. Using

the following notation AV
8 = stress figured on total area
Sy - stress in invar
E, |&Ez
and §e = gtress in steel,
the unit elongation e is the same for each
part of the specimem and the specimen as & KA~\~V
whole; . _
e:_é_z_\_s__é;_ — 55
fc /755 Es F
then : /
" /0
S, - £5 - £5s .
= £, e Frg. 9
and

S = na, = S5
The values of the stresses §s and §1 are tabulated with S in Tables
I to IV, page 34ff.

Now referring to Fig. 10, which reprpaents the bimetallic strip
being pulled in tension, we can eonai&er the force P as being made

up of two forces, one pulling the invar and one the steel. Then we

can write the following equation:

A=A+ s



end if e is the elongation and E the modulus,
L Al e = Af, e + ALz e

then
EL‘: E/"EZ

: Z - _
showing that the observed modulus is the average of

the moduli of the two strips. From the determina-
tions of the individual strip moduli |

Ly = fL%ZQX/oi 242510 Vin®
| The average modulus value in million lb. per sq. in.
of the tension specimers #1GE52 to #4GESS is 23.8
and if the low value of 19.4 is left out of the
aversage, is 25.3. For the H-thermometals the afer-
age value of five specimens is 24.3. The results
are sufficiently close. |

Keduction of results of transgverse bending tests on

bimetal strip:

<
I

Slec/

Ef Lrvar

L/

F

i
F:/GI /0

As has been mentioned above the transverse bending curves for

the bimetal strips were based on the assumption of a homogeneous

specimen and since the bimetaellic strip is mads up of two strips of

metal of different moduli of elasticity, a correstion is necessary

to obtain the actual stresses in each metsl when it is loaded in the

¥

bimetal stripy. The relation between the observed bending modulus of

the entire strip to that of the steel side alone will be developed

first. Pig. 11 showe the most general condition of a bimetallic
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strip of width w and thickness d. The ratio of moduli of invar to
steel is n, the thickness of the inver & and that of the steel b.

The upper figure represents the cross section of the strip consid-

Y

ered as a homogeneous mater- - : w

ial; the lower figure rep-

resents the equivalent stesl z ’7 var \0
section, obtained by redu- » Stees/ J
cing the width w of the invar
side to nw and considering
then the resulting area as
the eross section of steel e N ————————]
strip in transverse bending. t I I
(1) For a rectangular B A '-"i S,’
. - = = X
cross section the deflection 49 1 Q
: A 1
is given by =z
-~/
7 Sl B
(2) For the reduced . )
/’757. /1
section the deflection is :
9 = .__’E/_f_.-.
FE, T,

where P is the load, 1 the length of thle specimsn, ¥ the modulus of
the homogeneous mmterial (the observed modulus), gjﬂ the actual modu-
lus of the steel side, 1 the moment of inertia of the rectangular
.eross section, and —I-a the moment of inertia of the reduced cross

section.
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From these two equations
ET - £ 1
and then putting in the I's in terms of the dimensions of the sectionms,

the following equation results:

£ ;Z; B , - QS(/yfﬂ é)///
£ " F= - /4(’7’[ - (nﬂ-.;./

where n 18 the retio of the invar to the steel modulus, £ is the
fraction of invar, and g the fraction of steel in the bimetal. The
complication of the equetion is due to the fact that +the moment

of inertia of the reduced ssction must be calcul.ated about the grav-
ity axis g--g of the section. This involves first solving for the
diqtance z to locate the gravity axis. The above equation is charted
as a series 'or curves on page 47. ‘Each curve represents a bimetal
strip whose fraction of invar is constant along thj curve, Besides
the five curves shown in the figure, curves for f z .45 and f = .55
were caleulated, but were so close to that of the f = .50 curve, at
least for the higher values of n, that the three curves could not be
distinguished if charted. This then shows that the amount by whiech
the stu&ied bimetallic strips are not half invar and helf asteel is
insignificant as far as transverse bending is concerned. Thus.from
the curve, for n = 0.8, and f = .50, E/Eg = .895 or roundly 0.90,

| Now if the stesl modulus is 37,000,000 lb. per sq. in., Eg, then
the observed modulus in bending should be 0.9 E, or 24,300,000 1b.

per 8q. in. But the average value of the bending modulus for the.
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first set of samples, #1-IC to #4~IT, pp. A~1 fc A-8, 1is 22,300,000
1b. per sq. in. The aversge bending modulus for the oven test sem~
ples, pp. 4=9 to A-20, is 22,300,000 lﬁ. per sq. in. The average
bending modulus of the H-thermometals, pp. A~8l to A=-28, is
21,200,000 1b. per sq. in. Tﬁs writer believes that this discrep-
ancy between the observed values end the vaiue caleulated ean be
explained as due to the method of cupportihg the cantilever test

epecimen at its base. Fig. 12:1s.a sketch of the method of clemping

the cantilever specimen between r%-l ﬁ

two steel blocks. The sketch :j r::1'
= ]

is drawn to scale except for

) =14 ~7
8

=
ZA L~
whieh in the case of the bi-

metsl used are .030" thieck. V‘/\’/\/M

The clamping blocks may be A - VTesfea’ Sf‘/""/'p
seen in the picture, Fig. 2. 8 - Avuxiliary Strips

the thickness of the strips,

o

D
<, Ly

The auxiliary strips (B in Fig. - ;’/9 )2 Basé Suppert
12) are insor_tad so that there
is a more uniform pressure on the tested strip from the top block.
The nuts are tightened soundly tec hold the strips.

The reesons that the method of holding the specimens gt the base
was thougflt responsible for the discrepancy mentioned were: (1)

before the auxiliary strips B were used in testing, surves showing

an inerease in stiffness with increase in load were obtained-~the
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strips B eliminated this but there were st {11 likely to be deviations
from true cantilever support, and (2) a bending test performed on
specimen #1-3D, page A-29, showed sbout the same discrepancy between
the bending modulus and tension modulus from test #1-3D, page B-23,
1q tension.

Thé ratioa‘of observed modulus in bending to thé caloulated
modulus from the tension test results are (1) for the specimens
#1-1IC etc. 0.92, (2) for the oven test samples 0.92, and (3) for the
H-thermometal 0.87, and (4) for the specimen #1-3D 0.85. Complete
bending tests were not made on any other strips of the individual
matals sinee it wes not originally intended that this test be made
on these atrips and also because when the discrepancy in question
was recognized, there was not time to make the necessary tests;
- howsvsr, a few of these individusl metals were put in the caﬁtilever
machine and the deflection due to 8 onse pound lcad was compared with
the results of the tested specimen #1-3D. In gpnéral the bending
modulus was some ten per cent below the corresponding tension modulus.
The bending and tension specimens of the individual metals were in
essh case cut from the sesme 1" x 10" x .080" strip furnished by the
Y. 4. ¥ilson Company; therefors even though the modulus changed from
strip to strip, it was considered that within the 1" x 10" strip
there was a constant medulus.

Therefore in order to explein this diserepancy a coefficient of

end fixity ig introduced into the deflection equation, meking it



g = 27
< ST

where k is the coefficient of end fixity. If the support is a true
cantilever'suppert, 5 = 1; in other ceses k is less than one and in
the extreme cass when k = 0, there is no support. The condition
tyat must bg satisfied in true cantilever loazding is that the slope
of the beam at the support is zero, which eondition is not the case
in this investigation beceuse of the elasticity'of the clamping ‘
blocks. This coefficient k is a constent during a given test because
the deformations end strees concentrations of the clamping block are
proportional to the loed gpplied to the specimen. If then for example
' E_ia chosen as 0.87 for the H-thermometal, the bending modulus will
be correct. There is not much doubt that k varies from one set up

to another and probably depends on the thickness, wid?h, eand modulus
of the specimen and the modulus of the clampihg bloeks,

The“exiatence of a coefficient of end fixity d@frerent from 1
does not changp any of the values of the streases listed in the
tables and shown on the curves, since it is the unit deformation:
which is corrected by the coefficient. If the curves were corrected
for this coefficient the slope of the eurvei 6n1y woﬁld be changed.

Calculation of actual steel end invar stresses produced by bending:

The transverse bending curves included in this report give the
relat ion between outer fiber stress of a homogensous material, i.e.
one with a constent modulus of elasticity throughout, and the unit

deformation of that outer fiber. The proportional elastic limit
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shown on each curve therefore is that for the whole strip and is
not to be taken as the stress at any particular point in the strip.
Since trhe bimetallic strip has as its components two metals of dif=-
ferant moduli of elasticity, in order to find the actual stress at
any point due to the losding, a correction factor must be applied to
the stress given on the stress strain curve. The correction factor
for two fibers, the outside steel fiber end the outside invar fiber,
will be developed here and applied to the value of the proportional

elastic limit of each bending

[}
teat. The resulting values will .?
then give the actual stresses e A
added to the ocutside fibers of .<__,7M/.41

the bimetal at the time when Irvar L__

the strip as a whole is at its

proportional elastic limit due

L P — ol

to the mechanical loading of the

I 1
strip. Consider Fig. 13, which - N VN

l /
represents first the cross sec- 9 = 4 i :

N VA
tion of the strip of homogensous 1 : L
material of width w and thick- e G G S

ness d, and below it the reduced
Eguivalent Steel

section considered as a steel Sectror

strip and obtained as before. fFrg 13

The bottom sketch ia an enlarged
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view of the.equivalent steel section, showing that the thickness of

each strip is the sams. The gravity axis g--g 16 on the steel side

because of the gfeater width of that side. The calculations for the
atresses for an applied momsnf M follow.

Location of neutral axis

- _ (rw)E) + (nD(F)

S %%//}7w/,L?V)
d-3
) df(gn*é) — wf SO - g

c:/(i/7¢//) In +4
(=

distanee from neutral axis to steel outer fiber = .472 g_:

inl K<l

distence from neutral exis to invar outer fiber = .528 4 =

then the moment of inertia of the reduced cross section about the

g-~g axis is i
i) ) > z
r aa® £2)+/,7W_g)(275d)2* V:(zz) . wg)(zzzd)

F
Z = madf%@ggzsﬁozog1ncwo42foz49Z<07¢5vwi'

from these follow the stress in the invar and the steel outer fibers;

for the invar

ME _ A7(528) »

e
=z JW/C{J(/CU”23))

for the steel

S - Mg - AT (ZTZ L)
@ 7 W o7435)
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but the stress shown on the curves is

5_M6

= ad?

where !gé/é is the section modulus of a recectangular cross section.

Now for a bending moment M we have three stresses, (1) actual
stress in invar outer-fiber, (2) actual stress in outer steel fiber,
and (3) that stress computed in the transverse be.nding calculat ions
and shown on the curves. The rafio of actual stress to computed
stress may now be found.

Rat io of aetusl invar outer fiber stress to "curve'" .stress

. (528)(8) _
T Conas)6) b

Ratio of actusal steel outer fiber stress to "curve" stress

_ - (272) _ '
e = [o733)(6) A

Therefore the actual outer fiber invar stress %3 five percent 1ess
than the eurve stress while the actual outer fiber steel stress is
six per cent greater than the curve stresa. | )

These adjusted values are tabulated in tables I to IV, ﬁp. 34ff.

Caleculation of the initial residual stress in the invar outer fiber:

The results of the bending and direct tension tests mede on
the bimetal strips end the individusl metals are the data used for
vh% xleulakion ST Bhe serifn daitial slresstn et PO TANpETRINS
in the bimetallic strip. For the direct tension tests on the indivi-

duel materials the data are proportional elastic limits. The direct



tension tests on the bimetallic strips give, after the correction
mentioned above, the actual stresses added to each side of the bi-
motal strip at the point when the strip as a whole reaches its pro-
portional oiastic limit. The transverse bending test results used
in the determination of initial stresses are the actual stresses in
- the outer fibers of the steel and the invar due to the bending of
the bimetallic strip. .

When the invest igation of the physical properties of the indi-
vidual metel strips was underteken, it waé expected that the stiress
strain diagrams in tension would show a definiie ﬁroportional elastie
1imit and yield point.  However, such was not the case‘as can be
seen from the ocurves plotted for the tests (see Appendix B). Because
of the gradual dévietion of the stress strain diggrams in tension
from the proportionality line, as mentioned before in this report,
it was in general very difficult to establish .any given stress as
the proportional elastic limit. In general it wes even harder to
pick out a proportional elastic limit for the tensioQ eurves than
for the bending curves, even though from the nature of the bending
test the calculated eurve would be expected gredually to deviate
from proportionality near the elestic limit.

Let Fig. 14 represent the unknown stress distribution in the
bimetal stripg Denoting tensile stresses as positive end compressive
stresses as negative, let

§ = initial stress in invar outer fiber,
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initial stress in invar bond,

initiel stress in steel bond,

initisl stress in steel outer fiber,

proport ional elastic l1imit of steel in tensien,

C om)a 7ens.

/=7§7 /AZ

proportional elastic iimit of steel in ecompressionm,

proportionel elastic 1imit of invar in tensionm,

proportional elastic limit of invar in compression.

The assumption made here is that the proportional elastic limit of

the two steels (the invar and steel) is the same in compression as

in tension.

wa let the stresses in the outer

elastic limits in bending are reesched

gn

ol S S

"

1

n

steel stress with steel
steel stress with steel
invar stress with invar

invar stress with invar

fibers when the proportionsl
bs designsted as

in compression,

in tension,

in compression,

in tension.
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If the bimetal strip is bent so that the steel side is put in
tension, the invar side is put in compression. Then the reason for
"the strip as a whole reaching its proportional elastic limit is that
either the steel reaches its proportional elastic limit in tension
or the invar reaches its proportiocnal elastic 1imit in compression.

Using the notation above; this may be expressed as
S, + S =8

\5/ # _Z_Cr =—C
It the first of these equations is correct, the interpretation would
be that the applied stress §¢ added in the steel outer fiber to that

already present at that point makes the resulting stress B, the

’ §4.
propoftional elastic limit of the steel in tension. If the second is
correct, the interpretation would be that tﬁe applied stress Ic added
in the invar ocuter fiber to that alreasdy present at that point, §1,
makes the resulting stress -C, the proportional elastic limit in
compression for the invar.

With the same analysis applied to the bimetal strip when tested

with the steel put in compression, the two equat ions are

5/ . & _Z—;_L = C)

The assumption now made to calculate the magnitude of the stress
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-S-l is thet the bimetellic strip reaches its proportional elastic

limit because the invar outer fiber reaches its proportional elastie

limit before the ‘outer steel fiber does so. This assumption is made

for bending in either Steel Side

direction, —

g ——— R -

T

" The justification

for this assumption fol- Invar Side

lows. During the shear- g 16 Soliit Savrrple
ing of the samples of

highheat thermometel into specimens to be used in the oven test
included in this investigation, some three or four spe¢imens were
fou_nd*'to have split spart at the bond. Fig. 15 shows two pictures
of four specimens, three of which were split to various degrees.

The specimen with the ragged edges originnll& had only a small por-
tion of the bimetel split apart. The writer tried to split the en~
tire epecimen spert, but was not able to-prdcoad vefy far as the

bond betwen the two metals was quite sati;factpry when the specimen
was split ss far as is shown in the picture. The specimen with the
longest split is sketched in Fig. 16, It is seen that the invar side
tookb on ths greater curvéture of the two sides oh splitting of the
strip. Therefore there was a much groatér tensile stress orig;’mally
in the invar outer fiber than in the steel. Therefore there is not .
~much doubt .that in pending a bimetallic strip so that the invar side -
is put in tension, the invar outer fiber will reach its proportional

elastic 1limit first and thus cause the whole strip to show a propor-
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tionel elastic limit. The justification for the assumption made for
bending in the opposite directibn follows.

Although the proportional elastic 1limit is in genersl only a
little lower for the invar metal than for the steel as shown by the
tension tests on the individual metals, the ultimate strength of
the invar is considerably lower. The general relation between the
steel and invar curves in tension is shown in the sketch in Fig. 17,
where #2 is the steel curve and #3 the invar curve. A proportional
elastic 1limit in one side of the bimetal strip cannot be said to
correspond absolutely to that of the individual metal because the
outer fiber stress in question increases with greater loading as
does the individual metal
in tension instesd of

steying at the proportional

el astic 1limit, or yield

Load

point, as would the materisl

if 1t had a definite yleld..

The yield of the invar and

the steel individual sem- Deformation

ples, if there is one, cor-

reaponds more nearly to the . F’/'q 77

ultimate strength. It is

the yielding in ths meterial that is detected as deviation from the

proportionality line in the transverse bending test. Referring to



the sketch of the split sample agein it is'to be seen .that the bend-
ing of the steel is small, indicating small differences in initial
stresses over the steel side, i.e. stresses of small moment. fhe
outer fiber of the steel may be in a slight tension due to the fact
that tﬁe steel strip curved outward. It simply may be in less com-
pression than the portion of the steel near the bond. Therefore, in
the bending of bimetal so that the invar side is put in compression
and the steel put in tension, although the actual $nitial stresses
in fhe steel outer fiber Are unknown, it is believed that the invar
side will be responsible for the proportional elastic limit of the
strip as a whole becuase (1) the ultimate and therefore the yield
of the invar 1s much lower than that of the steel, and (2) there is
no considersble initial tensile stress in the steel outer fiber.
Using the assumption made and justified above that the proper-
ties of the invar are responsible for the proportionsl elastic limit
of the bimetal strip in bending, the second egquations of the two
seta of equations on page 56 are solved simultaneously for each of the
sets or.pairs of bimetal strips tested in trensverse bending. The
values obtained are (1) S;, the residual stress in the invarcouter
fiber, and (2) C, the proportional elastic limit of the invar. As
mentione@ in the preceding discussion, this proportional elastic limit
would correspond more nearly to a yield point and would be exﬁectéd
to be higher than the proportional elastic limit found on }ndividual

invar strip curves. This is the case. The initial stresses found in
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TABLE V INITIAL STRESSES
Specimen Numbers| Bending Stress in |Initial Stress in| Calculated
Invar side in |Invar at Pr.El.Liu.|Invar Quter Fiber |Invar P.E.L.
Comp. Tens. | (1b. per sq. in.) |(lb. per sq. in.)| (p.s.i.)
~i 2.0 lég:ggg 35, 200 T g5 ,OOO
SR e 27,000 T 90,000
2-fC | e 22,888 12,000 T 88,000
g ?
R gg:ggg ks e
1-TI60 19,000 o 19,000
1T 19,000
2-1IC 119,900 -
g 13 E 43,000 T 76,000
3-1C 52,000 , .
3-IT 52,000 . 34008
16 128,300
* o o 33,000 T 95,000
sl S g 28,000 T 88,000
3
2F 118,000 ' .
o2 I 55 "ot 24,000 T 84,000
T -~ 'gg’ggg 16,000 T 72,000
b4
3F3 . lg?:ggg 20,000 T 85,000
4B3 122,300 o Y
45 570900 32,000 T 88,020
= ’ 7 r
A g il 28,000 T 88,000
)
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RESULTS

TABLE VI OVER TES
b I
tiaterial Tension |Time at{ Speci- | Prop. El. | E (10" p.s.i.)
Number in 600° F. | men No. Lin.p.s.i, Loading | Unload,
3 hr, 2B . 123,000 23,2 23.9
Steel ;
504 hr. PAYA 124,000 2343 23.8
‘R
% hr, 2B2 63,800 21.9 225
Invar '
504 hr. 2F1 73,000 226 23.0
3 hr. 3B2 93,000 R2.2 a7
Steel ,
504 hr, 3F3 112,000 243 23.8
3
, 3hr. | 3B4 60,000 21.3 283
Invar
504 hr. 3F4 68,000 RRe 2 23.0
3 hr. | 4B3 126,000 2247 23.3
Steel
504 hr. 4LF3 123,000 22.3 22.6
4,
3 hr. | 4Bl 60,000 21.7 S22
Invar '
504 hr. LF2 63,000 2l Ree 2




this way are shown in Table V, page 6l.

Interpretation of oven test results:

Table VI, page 62, shows the results of the oven test samples
tested in transverse bending. In Teble V are given the computed
residual stresses in these samples. In materiel #2 the residual
stress is seen to decrease from 28,000 to 24,000 lb. per sq. in. ten-
sion due to the heating at 600 deg. F. for 504 houra. The eorré-
sponding decrease in material #4 is from 32,000 to 28,000 lb. per
8q. in. tension. Material #3 shows an apparent increase in tﬂe resi-
dual stress in the 1nvar'oﬁter fiber, but the writer believes this
to be wrong because the values of C obtained were so greatly differ-
ent. Probably in this case the samples tested were not similar at
the beginning of the test.

Therefore it can be concluded that subjection of the bimetsl to
. 8600 deg. F. for a long period of time dogs decrease its initisl
stress distribution to some degree. Yet this smount is small in
comparison with proportional elastic limits ;r the herder thermometals
when bent so that the &8teel is put in tension. It can be geen from

Table VI thet the properties of the thermometals are not affected-

greatly.
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GENERAL DISGUSSION '

The initial residual stresses in bimetsllic strips have been
found to be veiy camplicated. It is probable that the effect of
the rolling of the bimetal does have a considersble effect on the
stress.distribution.: Rolling will give tensile stresses in the
outer fibers with compressive stresses in the center. Thus if the
residual Qtresaes are composed of the sum of the temperature stresses
and the rolling stresses, there will Be the sum of two tensions on
the invar outer fiber; aﬁd on the steel outer fiber thers will be
the sum of & tension due éb rolling and a compression due to temper-
pture changs, with the result that the magnitude of the outer fiber
steel stress, whether compression or tension, is less then that of
the invar outer fiber. This corresponds with the bending of the two
sides of the split bimetal strip, Fig. 16.

The writer wishes to state at this point that he feels that the
determination of the residual stresses in the bimetal strip using the
method of acid immersion would without doubt make a much neéter exXpo-
sition of the distribution and magnitude of these stresses than was
possible in this investigation. With a residuel stress distribution
obtained in this way the effects of rolling and cooling from reolling
temperature could be distinguished.

The difficulties involved in this mechanical investigation are

-

numercus. The properties of the tested semples of both the indivi-
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dual metals and the bimetals vary considerably from strip to strip
of the same sheet of stock. There was foﬁnd'no defin}te relation
between hardnesé and physical properties. There was no definite
yield point of the materials tested.

It will be remembered that the ordinary beam formulae are used
in the calculation of stresses and loads in the transverse bgnding
tests. The deflection of a 12" specimen during the test was in gen-
eral about 3", which is a large deflection in comparison to the
depth (.030") of the beam specimen. The ordinary beam formulse are
for beams whose deflections are not great in comparison to théir
depth and whosé slopes are small: this is then not the case in this
investigation. The Jjustification for the simplificetion in using
the ordinary beam formulae in this investigation is that 1in deésign
of flat strip tﬁermoﬁtats in general this assumption 1é made .

In the discussion of end fixity, page 49 ff., it was‘concluded
that clamping between two steel blocks was not rigid enough to be
considered true cantilever support, with the result that the deflec-
tions due fo external mechanical loading (which is always present in
thermoststs set for high temperature operation) are greater than
calculated with the assumption of & fixed end for the thermostat
blade. In meny of the thermostets with which fhe writer is acquainted,
the base of the thermostat is fixed only by screwipg it to a flat
gurface with a round head screw. The writer feels that the method
of fixing the endé of thermostet blades should be given attention

in the design of thermostats.
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APPENDIX A

TRANSVERSE BENDING CURVES
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