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MECHANICAL AND PHYSICAL PROPERTIES OF INVAR AND INVAR-TYPE ALLOYS
W, S. McCain and R. E, M\ringer*

The need to eliminate or minimize the effects
of temperature on elasticity and on the dimensions
of precision-instrument components has led to the
development of & hast of alloys which display the
"Invar Effect". Most of these are basicaslly iron-
nickel alloys which display unusual temperature
dependencies of the thermal expansion and/or ther-
moelastic coefficients. This memorandum describes
the compositions and properties of the most useful
of these alloys, principally those which exhibit a
constant modulus of elasticity or a very low ther-
mal expansion over a significant temperature range.

Invar (an alloy with about 35.5 to 36 percent

nickel) jis the simplest of the Invar-type alloys.

A number of other Invar-type alloys has been de-
veloped (primarily by the addition of other ele-
ments to the iron-nickel base) to achieve desired
properties such as less sensitivity to variations
in composition, better machinability, corrosion
resistance, higher strength, etc.

The substitution of small amounts of cobalt
for some of the nickel lowers the thermal-expansion
coefficient of Invar. This improved alloy is
called Super Invar. The minimum expancivity is
reached at about 6 percent cooazlt.

Improved machinability without loss of other
desired properties can be achieved by adding
selenium to the basic alloys of iron and nickel.
Stainless Invar, so called because of its superior
resistance to corrosion in MaCl, is remarkably
stable with respect to time. It is reported to be
three times better than conventional Invar.

Elinvar, which possesses a zero thermoelastic
coefficient over a significant temperature range,
is an Invar in which 12 percent of the iron has
been replaced by chromium. Elinvar has other
characteristics which enhance its usefulness in
precision devices. It possesses a high degree of
resistance to oxitation and corrosion; it has a
low thermal expansivity, and it possesses a prac-
tical immunity to magnetic effects.

Ni-Span:C is essr~*ially an Elinvar alloy
with titanium added. The addition of titanium
makes the alloy heat treatable by precipitation of
an intermetallic compound of nickel and titanium.
The most important uses of Ni-Span-C are to elim-
inate the effects of temperature varistions on the
responses to stress of elastically loaded members,
such as helical and flat springs, Beileville
washers, diaphragms, bellows, and Bourden tubes.
Isoelastic is another alloy of the Elinvar class.
This alloy is extensively used for precision ex-
tension springs.

Vibralloy consists of 9 percent molybdenum,
38 to 42 percent nickel, and the balance iron.
The addition of the molybdenum to the iron-rickel

"Mechanical Engineer and Associate Chief,
Mechanical Metallurgy Division, Battelle Memorial
Institute, Columbus, Ohio

slloys increases their mechanical strength. Also,
the thermoelastic properties of these alloys are
less sensitive to viriations in nickel contents
than those of sn iron-nickel alloy.

“Invac-type sxperimentai-ailoys based on
binary systems of Fe-Co, Fe-Pt, Ni-Co, and Fe-Pd,
as well a- ternary and quarternary systems con-
taining these and other elements, alsc have been
studied. The composite approach to tne achieve-
ment of a low temperature coefficient of modulus
springs has been and will continue to be a fruit-
ful area for additional research.

Attention must be paid to the envircnment
in which an Invar-type alloy is to be used, since
it is known that a magnetic field causes a change
in the dimensions of a ferromagnetic material. It
is to be expected, though it is not always recog-
nized, chat the elastic moduli will also be affect-
ed.

INTRO 10}

Just before the turn of the century, the
French physicist Charles E. Guillaume dfscovered
that the coefficient of thermal expansion of iron-
nickel alloys depended strongly on the alloy com-
rosition, show.ng & minimum at about 36 percent
nickel. The "iivariable" dimensions of this alloy
led to its name, Invar. Later, Guillaume reported
that there were anomalies in the elastic moduli
which corresponded closely to the anomalies in
thexrmal expansion. In some cases, the elastic
moduli were effectively constant over a significant
range cf temperature.

Obviously, such alloys were an important
development, and found ready application in the
precision apparatus of the day. Their usefulness
inspired further research, until today we have
available 2z whole series o’/ alloys showing what
has been called the Invsz Effect. These alloys
display unusual cempertture dependencies of thermal-
expansion coefficients and/or thermoelastic co-
efficients, and frequently have other unusual
properties as well. Since the various aspects of
the Invar Effect appear to be related, it is
difficult to discuss one without referring to the
others. Nevertheless, in order to keep this
memorandum within reasonable bounds, the discussion
will be limited as nearly as possible to thcse
alloys which exhibit & constant modulus or a very
low thermal expansion over a significant tempera~
ture range.

Background

There is, in our modern technology, a con-
tinuing and pressing need for ever—-increasing
precision. The demands put upon materials ancd
equipment by designers are in many cases beyond
the state of the art. This is not unrecognized,
and as a result, a considersble ssount of research
has been undertaken during the last decade or so,
aimed at various aspects of this need for pre-
cision. In particular, research has tried to
develop designs and materials in which the effects
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of énivironment will be -inlntud. Por sxample,
consider a tuning fork which is designed to pro-
dice .3 given resonant frequency as a reference
point. If an ordinary steel is used, the resonant
frequency will be strongly tempexature dependent.
It is possible, however, by utilizing the Invar
Effect to produce s fork whose frequency is inde-
pendent of temperature over a moderate temperature
range.

Related problems require & knowledge of some
of the basic properties of metals and alloys. For
this purpose, we will define some of the temms as
they will be used throughout this memorandum.

Perhaps the most commonly recognized source
of instability in materials and devices is themmal
expa sion. It is not uncommon to define a mean
zexo coefficicnt of thermal expansion (&) as

-L
= 4 (;2——;1), (1)

where L, is the length at 0 C, L) is the length at
temeumre Tys and is the length at temperature
To. This expression troduces some inaccuracy,
however, where the thermal expsnsion is not & linear
function of the tempersture. The thermal~expansion
coefficient (&) can be defined more accurately as

"%Z(%” (2)

where L, again is the length at 0 C, and dL/dT is
the slope of the L vs T curve at some temperature T.

Similarly, the thermoelastic coefficient (Y)
which is the temperature coefficient of the mcdvlius
of elasticity, can be defined as

v=§:(-§> , (3)

where Eo represents the modulus at O C, and dE/dT
is the slope of the E vs T curve at the temperature

Since virtually all of the alloys to be dis-
cussed are ferromagnetic, a further property,
magnetostriction, becomes of interest. Magneto~
striction refers to the change in length of «
ferromagnetic body which occurs during magnetiza-
tion. The fractional chango of length AA/4 is
represented by the symbol A or, for saturation
magnetization, by the symbol A,. It should be
noted here that the inverse of mgnetostriction
oxists. That is, the magnetic behavior of a
ferromagnetic substance may be altered by the
spplication of small stresses and strains.

Ihe lnvar Effect

As remarked earlier, there are a series of
related snomalies which occur in iron-nickel alloys.
The behavior of #the sverage or mesn thermsl-
expension coefficient (¥) as a function of nickel
contenit is shown in Figure 1 At nickel contents
betwesn_about 34 and 36 pmont. ¥ is less then
1,306 per'F. over the teeperature rengé from
~200' to' mo F.

? Eonpogols.

The themmoelastic coefficient {at room
temperature) slso is a function of the niixel con-
teat, ¢s shown in Figure 2, and reacher a maximum
around 35 percent nickel. Betwsen 27 percent and
44 percent nickel, the themmoelastic coefficient
is positive, which means that the modulus is in-
creasing with temperature. THis is just the reverse
of almost all other materials,

The magnetoelastic behavior of iron-nickel
alloys is shown in Figure 3., The variation of the
Curie point (8) and the saturation induction (Bg)
sre shown in Figure 4, The variation of electrical
resistivity with nickel content 1s shown in Figure
5.

*

Masumotol1) proposed an empirical rule that
relates the anomalies in the magnetic properties
of the iron-nickel alloys to the snomalies in the
expansivities of the slloys. He observed that:
"The circumstances whether s ferromagnetic alloys
may have small expansivity depend merely on the
ratio of the saturation magnetization to the
transformation (Curie) temperature and the greater
the ratio the smaller the coefficient of expansion
becomes” .

It is clesr from various properties that some
fundamental changes in the properties of the alloy
are occurring. Consequently, a number of theories
have been sdvanced to explain (his behavior, Le-
ginning with that of Guillsume'2) in 1938, He
assumed the formation of a compound, Fe,Ni, but this
has never been verified.

Numezous proposals, such as those of
Dehlingex(3) and Zener 4’, relate the snomalies

to the magnetic behevior. All the commercially
available constant-modulus alloys are ferromagnetic,
and achieve their constant-modulus properties in

the temperature range just below the Curie tempers-
ture. Thus, *he theory suagests that the contrac-
tion is due to the loss of ferromagnetism compen~
sates for the thermsl expansion. Hence, the modulus
tends to remain constant and the thermal-expansion
coefficient tends to be low or even negative,

Other proposals, such as that of Benodicks,(""”
suppose that if there is a temperature increase, a
partial transformation occurs of the iron-rich alpha
phase into the nickel-rich gasme phise. The dif-
fering volumes of the two phases provide the com-
pensation to achieve a constant thermal expansion
and presumsbly, constant modulus. These theories
have never gained appreciasble support.

The most lodor&yf the theories (1963) is
that of R. J. Weiss. Earlier work showed that
Y-iron has two electronic states (v, and Y,)
separated by a small energy diffomco. e Yo is
ferromagnetic with a msgnetic moment per atom of
2.8 magnetons. The Y; state is antiferromagnetic
with a magnetic spin per atom of 0.6 msgneton.
These two species will each fomm fecc structures,
but with slightly different lsttice parmms.
Nickel in the fcc iron-base systcn stabilizes the
higher lattico-p.rmtor speciss. For suchian
alloy, raising the twuatute tends to «tﬁ;}m\
the lower lattice-parameter species. Thé growth
of this phase will offset the normal toqoum
expansion that is assoclated with a single-phase
alloy.

*References are given on psges 8-14,
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Interestingly enough, Ananthanarayanan and
Peavler(9) repcrted X-ray evidence of such a tran-
sition in 1961, although Weiss did not reference
this work and apparently was not aware of it.
Further, Weiss predicted that Fe-Pd alloys wouid
show the Invar Effect, and this has been recently
substantiated by Kussmann and Jesson.(10)

At present, it must be admitted that none of
the early theories for the Inwvar Effect are com-
pletely satisfactory. That of Weiss app:ars
promising, but it has not yet faced the test of
scrutiny by the scientific community.

ALLOY PROPERTIES

The alloys to be consicered in this sectjon
are listed in Table 1¥along with their normal com-
pnsitions-as found in the literatu_e. Table 2
gives a simple listing of references pertinent to
each of the various alloys.

in the foilowing sections, the data collected
are presented essentially as they are found in the
literature. Therefore, in many cases, there is
some overlap and duplication among the various
tables and graphs. This is believec preferable,
however, to arbitrarily selecting data from any
particular source.

Invar¥*

The simplest of the Invar-type alloys is
Invar itself. Free-machining Invar, which contains
a small amount of selenium, is included in the
following data since the selenium has little effect
on properties other than machinability. There is
a ¢reat deal of literature concerning the physical
and mechanical properties of Invar. Since these
properties vary somewhat among different lots of
material, after various amounts of deformation,
with teat treatment, etc., different sources
frequently report somewhat different properties.
Indeed, one can distinguish severai grades ol
Invar;(15) Standard, Superior, and Geodesic, each
referring to successively more precise control
of properties. This makes it difficult to present
master plots which are not somewhat misleading.
Therefore, in the interest of accuracy and ex-
pediency, the data appearing on subsequent pages
are reproduced as they were taken from the litera-
ture. This leads to some duplication, hut provides
sets of self-consistent data,

For the most part, data on workability,
weldability, machinability, pickling, plating, etc.,
are not included in this memcrandum. These data
are readily available in brochures put out by the
vendors (see Reference 16).

Because of its low thermal-expancion coeffic-
ient, Invar is often used for precision applica-
tions where small temperature changes might other-
wise produce unwanted dimensional changes. It
must be recognized, however, that most materials
have inherently unstable dimensions. Various
processes such as stress relaxation, precipitation,

#Tables begir on page 40,

*#4ilso sold under the names Inver 36, Nilex, ..
Nilvar, Indilitans, Uniloy-36, Nilo-36, Minvar,
or Minovar. .

.

ordering, etc., make the dimensions time dependen:
at most operating temperatures. This wes recognized
by Guillaume,(17? Invar's discoverer, who found

that carbon was at least in part responsible for
this instability. An example of these data are
given in Figure 6. In this case, after about 8
vears, the specimen had expanded some 10.8 microns
per meter. This, however, was the change which
followed after a very pa'nstaking stabilization

heat treatment. Ordinary cold-worked Invar, by
comparison, might change by 150 microns per meter

or more in a much shorter time period under service
conditions.(18) Further, simpiy dropping a sample
of quenched and annealed Invar on a hard surface
might change its dimensions by as much as 100
microns per meter. These latter dimensional changes
are all the more significant when it is realized
that they are more than would be expected to result
from a temperature change of 50 C (122 F).

The work of Lement, Averbach, and Cohen(lg)
indicates that botl. internal stress and carbon can
be responsible for instability. Based on their
experiments, they recommend the following heat
treatment to achieve the optimum combination of low
expansion coefficient and high dimensional stability

(a) 830 C (1525 F), 30 minutes, water quench
(b) 315 C (600 F), 1 hour, air cool
{c) 95 C (205 F), 48 hours, air cool.

Instability may still result from magnetic
effects as will be discussed in a later section.

Data on the various mechanical and physical
prope ties of Invar are given in Tables 3 through
23 and in Figures 8 through 26.

Super Invar

The substitution of small amounts of cobalt
for some of the nickel lowers the thermal-expansion
coefiicient of Invar. This was noted by several
authors prior to 1930.(34-36) This improved alloy
was called Super Invar. The minimum expansivity
is reached at about 6 percent cobalt. Progressive
amounts of cobalt above 10 percent tend to increase
the minimum thermal-expansion coefficient of the
ternary alloys, until the minimum disappears at
about 40 percent cobalt {see Figure 27).

Cobalt additions increase th2 susceptibility
of the alloy to the fcc to becc transfo-mations.
This condition limits the ranges of useful compo-
sitions. Fer example, an alloy of the composition
63.5% Fe, 305% Ni, 6.0% Co will have low-expansivity
properties, but will have an irreversible fcc to
bce transformation at about ~10 C (14 F). This
transfoxination would limit the usefulness of the
alloys to temperatures above 14 F.

In addition to cobalt, the Super Invars will
contain carbon, manganese, and silicon. It is
necessary to add manganese and silicon to the
ternary compositions when melted in air, to rendex
tnen easily ~vyiable. Carbon is picked up from
the furnace atmosphere during melting. Silicon
is present in such small quantities that it has no
important effects. On the other hand, carbon and
manganese have considerable effects on the Super

I)vars. -
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On the favorable side, both carbor. and
manganese lower the fcc to bcc transformation tem
perature. Manganese tends to lower the inflection
temperature and raise the minimum and mean values
of the expansivity.:

The ability of carbon and manganese to lower
the Arg temperature helps to counteract the oppo-
site affect of cobalt, which tends to raise the
alpha-to-gamma transformation temperature.
Scott(36) found that an equivalent nickel content
{percent L") could be established which could
be used as a measure of the combined effectiveness
of the three elements nickel, manganese, and
carbon in the depression of the Ar; temperatures

A" = WL + 2.5 (BMn) + 18 (XC).

Scott was able to summarize the effects of
carbon, manganese, nickel, and cobalt by devising
a parameter be called .the "merit index" (designated
B)"

where is the inflection temperature in the
expansion-versus-temperature curve and @ is either
the mean thermal-expansion coefficient, or the
minimum thermal~expansion coefficlent, and A is a
constant. The parameter B is devised such tha* as
the inflecti n temperature incresses or the thermal-
erpansion coe“ficient decreases the merit index
rises. Figures 28 and 29 show at a glance the
harmful or useful effects of manganese C(Uo + Ni)
or cobalt. Figure 28 illustrates the effective~
ness of cobalt additions in improving the thermal-
expansive properties of ordinary Invar. This
impzovement is due to tvhe dual effects of cobalt;
namely, cobalt raises the inflection temperature
and lowers the mean end minimum thermal-expansion
coefficients. On the other hand, increases in the
nickei content will ralse the inflection temperu-
ture, but only by sacrificing the low expansivity.

Furthermore, Figure 29 demonstrates that
carbon is only mildly harmful to the merit index
and that manganese drastically veduces the merit
index.

Unfortunately, no inforisation on the mechan-
ical properties of these allays has been found.

St ess _Invyr

Stainless Invar, so cslled because of its
superior resistance to corrosion in NaCl, was
apparently discovered by Masumoto(34) in the early
1930's. He investigated & portion of the Fe-Co-Cx
ternary system, and showed that, for just over 35
percent iron, and for cnhromium contents between
9 and 10 percent, the thermal-expansion coefficient
actually becomes negative. Some of these data are
shown in Figures 30 and 31,

Hidnert and Kirbyl23) did further work on the
Fe-Co-Cr ternary, and verified some oi Masumoto's
findings. A scries of alloys of the compositions
shown in Table 24 was investigated. Scme of the
results are given in Figures 32 and 33, Some of
these alloys tended to undergo a gamma-to-alpha
phase chenge on cooling (see Figure 34), thus
making them unsuitable as ?imynsionally stable
materials. Lement, et al,'3%) reported that they

could not obtain reproducible expansion coefficients
for the stainless Invar because of this phase
change, Hidnert and Kirby's work indicates, how-
ever, that stable gamma alloys can be obtained.

Volet and Bonhoure(40) veport that Stainless
Invar is remarkably stable with respect to time,
being some three times better than conventional
Invar. They observed that, on drawing wire from a
rod of the material, the thermal-expansion coeffi-
cient increased from about 0.7 x 10-6 per C to
8.2 x 106 per C. This is just the reverse of the
behavior of ordinary Invar. On annealing the
thermal-expansion coefficient decreases slightly
with increasing annealing temperatures, rises to
about 10.5 x 10~6 for an anneal near 750 C, then
drops rapidly to zero for anneals near 900 C. The
elastic modulus is also affected by annealing, being
about 16,500 kg/mm? for the as-drawn wire and about
19,600 kg/mm? for a wire annealed at 750 C. There
is a modulus minimum (14,800 kg/mm2) for material
annealed at 800 C. Higher annealing temperature
result in a modulus of 17 to 18 kg’ 2., The normal
value of the thermoelastic eceff.cient is given as
-300 x 10~6 per C, but this approaches zero for
heat treatments in the vicinity of 800 C.

It is therefore possible to have either a low
thermal~expansion coefficient, or a zero thermo-
elastic coefficient, depending upon “ne degree of
working and the annealing schedulf. This has been
studied by Chevenard and Bouchet.(4l) Some of theix
results are shown in Figure 35,

Sane corrosion data as reported by Masumoto(34)
are given in Figure 36.

Masumoto(33) measured the intensity of
magnetization and the magnetostriction of one of
his samples. These dsta are given in Figure 37.
The electrical resistivity for this same specimen
at 20 C was reported as 66.6 x 106, while its
mean temperature coefficient between 0 to 40 C was
0.832 ¢ 1073, [he units for the former property are
presun 1y ohm-cm.

Elipver

Guillaume is credited with the discovery and
development of the first of the constant-modulus
alloyes, which he named Elinvar for invariant
eiasticity. Essentially, the original Elinvar is
an Invar in which 12 percent of the iron has been
replaced by chromium. Curve A of Figure 38
shows that the binary iron-nickel system has alloys
of two compositions (at 27 and 44 percent nickel)
which pussess zero temperature coefficients of
elastic modulus. It is difficult to take advantage
of the constant moduli of alloys having either of
these campositions, however, because both are so
sensitive to nickel conteat that a small error in
composition or even chemical inhomogeneities in the
same casting would result in appreciable variations
of the temperature coefficient of modulus. Guillimme
discovered that the addition of 12 percent chromium,
or its equivalent, were small quantities of mangan-
ese, tungsten, or carbon sre also included, lowers
thermoelastic~coefficient curve to the position
shown in Curve B. In the ternary alloy, the zero
temperature coefficient of modulus occurs at 36
percent nickel, and fortunately it is relatively
insensitive to minor variations in ~omposition.
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It is now cu?.r1 .7 ‘o modify the composition
of Elire.axr threwgh ¢ ddition of elements such
as tungsten, molybdenum, mencanese, etc., in order
to obtain or inten=ify specia.ized secondary prop-
erties and to increase ease of iman:facturing.

Elinvar has other characteristics that enhance
its usefulness in precision devices; namely, -
high degree of resistance to oxidation and co:. .u-
sion, low thermal expansivity, and practical f.«~
runity to magnetic effects.

Other constant modulus alloys for which Elin-
var is the prototype will be discussed in the fol~-
lowing sections of this memorandum.

Ni-Span Alloys

The Ni-Span Alloys, particularly Ni-Span-C, a
are age hardenable and have considerably higher
strengths than many of the other Invar types. Ni-
Span-C has Leen developed specifically for its
constant-modulus properties. Other alloys in the
Ni-Span class are: Ni-Span Lo 42, Ni-Span Lo 45,
Ni-Span Lo 92, and Ni-Span Hi. The first three are
low thermal-expansion alloys, and the fourth a
high~-thermal-expansion alloy. The composition »f
these alloys can be found in Table 25.

Ni-Span C is an excellent sample of the bene-
fits of age-hardenable alloys of the Invar types.
It is essentially an Eiinvar alloy with titanium
added. The addition of titanium makes the alloy
heat treatable by precipitation of an inter-
metallic compound of nickel and ti tanium. The
heat treatment is nowmally carried out in two steps:
a sclution anneal, usually performed by the materi-
al supplier, and a precipitation-hardening treat-
ment performed by the user after the forming
operaticn.

The solution anneal is accomplished by heating
to aboul 1700 to 1850 F, and quenching in water or
oil, The material should be at temperature from
20 to 90 minutes depending upon size. Some appli-
cations may require additional stress~relieving
and stabilizing treatment.(118)

The most important wuses of Ni-Span C are to
eliminate the effects of temperature variations
on the responses to siress of elastically loaded
members, such as helical and flat springs, Belle-
ville washers, diaphragms, bellows, and Bourdon
tubes. wWithin the range of -50 to 150 F, the
modulus of Ni-Span C is &.mcst constant. The
temperature range can be widened (=90 to -240 F)
with a slight deviation from the constancy-of-
modulus property.

Thore is a marked effect of frequency on the
thermoelastic ~oefficient of Ni-Span C. Experience
has shown that the problems of producing a zero
thermoelastic coefficient can be divided into two
classes of applications: (1) low-frequency applica-
tions includirg springs and Bourdon tubes, and
(2) high frequency applications, including tuning
forks and vibrating reeds. Processing variables
( cold-work level, time and temperature of heat
treatment) can be adjusted to produce the desired
thermoelastic coefficient for any frequency.

The available mechanical and physical prop-
erties of the Ni-Span alloys are given in Tables
26 to 36 and in Figures 39 to 71.

Vibrallo

Vioralloy consists of 9 percent molybdenum,
38 to 42 percent nickel, and the balance iron. 1In
this alloy, molybdenum sexves a dual purpose.
First, the addi.ion of 9 percent molybdenunm to the
iron-nickel alloys increases their mechanical
strenath. For example, the cold-worked 9 percent
moly/bdenurm alloy has a proportional limit of
110,000 pounds per square inch. On the other hand,
the proportional limits of the iron-nickel alloys
are only about 50,000 pounds per square inch.
Second, the thermoelastic properties of the 9 per-
cent molybdenum~containing alloy are less sensitive
to variations in nickel contents than those of an
iron-nickel alloy. Figures 72, 73, and 74 1llus-
trate the effect of molybdenum on the thermal
change in Young's moaulus. The data are plotted
such that changes in moduli oi the alloys when
heated from =40 C (~40 F) to temperature up to
80 C (176 F) relative to the moduli at 2 degress
(4 F) are plotted as a function of temperature.

The slopes of these curves at a teaperature
T are proportional to the slopes of the corres—
ponding modulus-temperature curves at the same
temperature. That is, the occurrence of a ncgative
slope at temperature T in Figures 73 or 74 indicates
that the temperature coefficient of modulus of
elasticity (y) is also negative at that temperature.
A positive slope indicates that y is positive at T.
The data in Figures 72 and 73 are summarized in
Figure 74, which mean thermoelastic coefficien.s
are obtained by dividing the relative change in
modulus on heating from -40 to +80 C by 120 ( the
temperature range over which change is taken). The
curves reveal that the additions of 9 percent
molybdenum xeduce by a factor of two the sensitivity
of the mean temperature coefficient of elastic
modulus to changes in nickel contents.

The cucrves in Figures 72 and 74 are valid only
only for a definite amourt of cold work. Figure 75
illustrates how cold work affects the thermoelastic
properties of molybdenum-free and molybdenum-bearing
alloys. Although the magnetic parmeability of
Vibralloy 1s lower than for a corresponding iron-
nickel alloy, it is still sufficiert for magnetic
actuation and vikration, The work-hardened alloy
has permeability values between 700 to 850 at 3500
gauss over the temperature range -40 to +80 C.

Isc~Elastic

Iso-Elastic is an alloy of the Elinvar class.
It has a low-temperature coefficient of the modulus
of elasticity, and'is very adaptable for precision
instruments, since drift error is les: than 0.02
percent and hysteresis error is less than 0.0l per-
cent of the total deflection. Iso-Elastic must be
highly cold worked (up to 93.5 percent reduction in
area) %o obtain sufficient mechanical strength.
Safe torsional stresses of 40,000 .o 60,000 psi can
c¢ applied to Iso-Elastic after the suitable cocld-
working treatment. Iso-Elastic is not heat *real-
able, but the cold working is normally followed by
a low-temperature 750 F stress-relief treatment.

The alloy is extensively used for precision’
extension springs. It is also used for torsion,
spiral, or compression springs. The recommended
range for obtaining Iso-Elastic's desirable low-
temperature coefficient of modulus properties is
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from ~50 to +150 F. Some physical and mechanical
properties for Iso-Elastic are given in Tables 38
and 39.

Experimental Alloys

The naterials listed in the previous section
uo not by any meens exhaust the possibilities of
the Invar-type alloys. A great deal of research,
particularly in Japan, has oontinued, and a wide
variety of alloys has been investigated. Some of
the summarized results follow.

Masumoto and his co-workers have done an
enormous amount of work measuring moduli, thermal
expansion, and thermoelastic coefficients in a
wide variety of systems. This work led to the
development of strainless Invar,(34) Co-elipvar,(54)
Velinvar,(55) and a new slloy Mselinvar.(55) They
have studied the properties of the bina(g sggtem§
Fe-Ni,(37) Fe-Co,(57) Fe-Pt,(58) Ni-Co,\59,50,57
Fe-Pd,(69) the terpary rystems Fe-Ni-Co,(37)
Fe-Co~Cr,{34,54,61) Fe-Go-Mo,(55) Fa~Cc-V,\55)
Co-Fe-Mn,(67) Co-Fe-W;(68) and the quaternaries
Fe-Co-Cr-¥1,(1,62,63,64) Fe-Co-Cr-Gu,( 65)
Fe-Co-Ni-V,(66) FeCo-Mo-Ni,(56) Co-Fe-tin-Ni,(67)
and Co-Fe~t-Ni. Some of these data are given
in Tables 40 through 54, and in Figures 83 through
87.

The thermzl-expansion characteristics of the
Fe-Pt binary has also been studied in Germany.(7°)
Some of the results are shown in Figure 78.

Russian work in this area appears limited.
The Russian papers encountered were restricted, to
three coauthored by Ivanushkino and Livshi}s,(71‘73)
and four papers authored by S. I. Doroshek.: 74-77)
Ivenushkino and Livshits studied the ternary
systems of Fe-Ni-Cr, Fe~-Ni-Mo, and Fe-Ni-Nb. It
was shown in these studies that additions of the
third element cazused the hardness and the electrical
resistivity to become functions of annealing time
and temperature (Figures 79 and 80).

Doroshek 1nvesti?ated the pfoperties of
ternary Fe-Ni-Co,(74,77) Fe-Ni-Cu,\74) Fe-Ni-Ti,(76)
and quaternary Fe-Ni-Mo-Ti.(75)

T ACHE

Composites

It is often possible, by balancing the
temperature~dependent properties of two or more
alloys, to achieve a degree of temperature inde-
pendence. In keeping with the gcnersi intent of
this memorandum, it is €itting to give a specific
example of this approach.

Gascoigne, Enns, Kessel, and Or-ondroyd(79)
approached the problem of constant spring properties
by attempting to balance the positive thermoelastic
coefficlent of Invar type iron-nickel alloys with
the negative thermoelastic coefficients of Inconel X
or 304 stainless steel. This was done both by
nes ting coll springs and by stacking Delleville
springs. By these means they were able to achieve
spring constants which varied by less than 20.25
percent over the temperature range fram -65 to
+600 F.

Figure 91 shows nondimensional spring con-
stants (ratio of spring constant ati test tempera-
turs to reference spring constant taken at 750 F)
for several bimetallic coil-spring nests.

It seems reasonable to believe that the
composite approach to achievement of a low
temperature coefficient of modulus springs will be »
fruitful area for additional research.

-Alternaiive Materials (Nonferromagnetic)

The materials previously listed cove: mcst
of the metallic materials which have been utilized
or studied from the point of view of low thermal
expansion or temperature-independent modulus. Al-
though each of these materials has been ferromagnetic,
this is not a necessity. The one major material
which differs appreciably {rom the above is quartz.
Quartz crystals, specially cut, are used in a wide
variety of ways as freqincy standards. Fused
silica has an extremely low coefficient of thermal
expansion (about 0.5 x 10-6 per C). Crystalline
quartz has a considerably higher @, but it is
anisotropic, having coefficient of expansion values
of about 8 x 10~6 per C parallel to the crystal
optic zxis and 14 x 106 per C perpendicular to the
axis., Its modulus also is anisotropic, being 10.3
x 101} dynes/cm2 perpendicular and 7.9 x 106 parsllel
lel to the optic axis. Because of tnis, it is
possible to select a crystalline direction in which
the tnermoelastic coefficient is almost zero. Hence,
quartz, properly cut. is an excellent material for
reference frequency standards.

So far as the writers know, no such use has
beoen made of metallic single crystals, although
numerous examples of anisotropic metals and alloys
exist. Uranium, for example, has thermal-
expgnsion coefficients of 21, -1.4. and 22.6 x
1072 per C in its threv principal directions.
Hence, depending upon the crystal axis, any @ from
-1.4 to 22.6 x 10-6 could be obtained as desired.
Presumably a similar choice exists for a wide
variety of thermoelastic coefficients. Other
anisotropic metals of potential interest are listed
in Table 55.

It is also possible for cubic metals to dis
play anisotropy. Ammstrong and Brown(79) have
shown that this occurs in columbium. For the
single columbium crystal, Young's modulus decreases
with temperature in the [100] direction, but in-
creases up to 16 percent between room tampersture
and 900 C {1652 F) in the [110] and [111] direc-
tions. Thus, increases in the measured moduli
with increased temperature are possible fos single
crystals whose moduli are measured in a df ctien
away from tre [100]. Polycrystalline columbiue
also shows this anomalous modulus-temperature
behavior.

Myetic Effects

Almost all of the alloys discussed up to this
point have been ferromagretic. Since it is known
that s magnetic field causes a change in the dimen-
sions of a ferromagnetic material. it is to be ex-
pacted that the elastic modull will also be affect-
ed. This is indeed true, but not always recognizad.
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When 2 magnetic fleld is applied to a ferro-
magnetic material, its E modulus changes (it usvally
increases) by some amount called AE. Therefore, the
effect has come to be known as the 8E effect. The
magnitude of the effect varies, of course, with the
strength of the field. Howevar, even minute tields
can inuuduce a significant AE in precision measure-
ments.

It has been shown, for example, that the
period of an Invar pendulun (for gravity determina-
tions) was altered by the earth's gravitatioral
field.(81) This was eventually 2liminzted hy
enislding the instrument in a speclal }ax whenever
it 1as moved.

H1bi(82) has shown the change in K/K,, which
is a measure of relative modulus, as a ‘unction of
magnetic field for an Fe + 35 percent nickel sample
(see Figure 92), Here the changes are of the c¢re.r
of several percent, and this is appreciable, even
in less wrecise applicstiions.

Katayev(sa) has shown the same thing for
Elinvar and Co-elinvar.(Figures 93 and 94}.
Koster(84) has studied this effect over a ahole
range of Fe-Ni alloys. Alers,(85) et al, have ob~
served the 4E effect in Fe-30Ni, and Yamamoto(86)
has stated it in K.~Cu alloys. The effect is also
found in pure metals such as nickel and iron.(%/)
The point to be emphasized is that the LE effect is
apparently a characteristic of ferromagnetic alloys.

At least in part, the modulus chanje is the
result of the existence of a domain-wall structure.
Because of magnetostrictive coupling, vae applica-
tion of a strain to a ferromagnetic system induces
the domain walls to move. Thus, the total strair
becomes the sum of the elastic and the magneto-
elastic strains, and the modulus measured is lower
than “he pure elastic modulus. When a magnetic
field is applied, the domain-wall density and or-
ientation change, and consequently the measu.ed
modulus changes. At saturation magnetization, the
domain-wall structure no longer exists, and the
meodulus rcaches its maximum.

Because of the rnature of comain-wall move-
ment, it can further be anticipated that the modu-
lus will be a function of stress. That is, E will
not be a constant. This has been demonstrated in
iron,(87) although the ferromagnetic origin of this
dependence has not been verified.

T. S. k8(88) nas also observed an interesting
and previously unreported effect. In most cases,
the damping napacity of a vibrating body (damping
is 2 measure of the area under the dynamic stress-
strain loop) wili decrease as a magnetic field is
applied to the body. Ke found tha., foi an Armco
Iron cample vibrating transverscly in a magnetic
field, the damping ’ncreased :..ich the strength of
the field, and reached a maximum at saturation mag-
netizaticr,, Since an increase in damping is normsl-
'y accompanied by a decrease in dynamjc modulus,
«uis s the equivalent of saying that the modulus
aicreas2c as the field increases. The damping
d..creases with increasing magnetic field for longi-
tudiral or torsional vibrations. Ke suggests that
this effect may result frc * the stress-induced
rotation of magnetic vectors.

An additional point deserves to be recognized.
In some alloy systems (C in @-Fe is a good example)
a solute element will tend to accupy a specific
lattice position relative to the magnetization vec-
tor. Thus, if a piece of iron containing carbon
ia sclution is magnetized {with a relatively small
fieid), it will first increase in length due to
magnetostriction, then it will decrease in length
as a function of time as the carbon atoms diffuse
to energetically more favorable posi.:ions.(89)
This type of reaction is known as directional
ordering, and seems to have many unexplored ramifica-
tions. A pcrticularlg pertinent one is reported by
Kekalo and Livshits.(88,91) They report that the
damping capacity of Invar changss with time, at
temperatures below the Curie point, after thermal
treatment, or aft v demag.etization. Once again,
this means that the modulus (and probably also the
length) is changing as @ function of time. Thus,
some attention must be paid tv the environmert in
which an Inves-type alloy is to be used if its full
potential is to be realized.
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FIGURE 33. PORTION OF TExNARY DIAGRAM INDICATING THE
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TABLE 2. SUMMARY OF INVAR-TYPE ALLOYS

Trade Name References

Invar 2, 3, 4, By 6, Ty 8, 9’ 11’ 13’
14, 15, 16, 17, 18, 19, 20, 21,
22, 23’ 24, 25) 269 27’ 28’ 29’
30, 31, 32, 33, 36, 39, 42, 71,
72, 73, 74, 75, 76, 79, 81, 84,
90, 91, 95, 96, 97, 98, 99, 100,
101, 102, 103, 104, 105, 106,
107, 110, 115, 122, 125, 127,
128, 129, 137, 139, 141, 142,
145, 146, 152, 156, 157, 160,
164, 165, 166, 167, 169, 170,
171, 176, 180, 181, 184, 190,
gé, 196, 199, 200, 201, 202,

11’ 13’ 14, m’ 25, 30, 42, 64’
83, 92, 94, 97, 98, 103, 116,
117, 122, 141, 160, 173, 190,

Elinvar

195

Stainless Invar 34, 38, 40, 41, 61, 64, 92, 120,
159, 197

Super Invar 15, ¢, 22, 35, 30, 37, 92, 97,
141, 197

Co-Elinvar 54, 61, 62, 63, 64, 65, 83, 92,
159, 183

Elinvar Extra 190

Velinvar 55, 66, 159

Vibralloy 50, 51, 52, 122

Ni-Spans 11, 12, 22, 28, 42, 43, 44, 45,

47, 48, 49, 12z, 141, 158, 189,
190, 196, 203, 24

Carpenter Alloys 13, 21
Iso-Elastic 11, 42, 44, 46, 47, 53, 78, 113,
122, 190

——

TABLE 3. THERMAL EXPANSION OF IRON-NICKEL ALLOYS( 20)

Mean Coefficient,( 3) Mean Coefficient,

Ni pin./in./C Ni pin./in./C

31.4 3,395+0.00885 t 43,6 7.992-0.00273 t
34.6 1.373+0.00237 t 44.4 8.508-0.00251 t
35.6 0.877+0.00127 < 48.7 9.901-0.00067 t
37.3 3.457-0.00647 t 50.7 9.984+0.00243 t
39.4 5.357-0.00448 t 53.2 10.045+0.00031 t

TABLE 4.

2. f ‘_)i "&x‘“’«*

EYFECT OF HEAT TREATMENT ON THE
COLVFICIENT OF EXPANSION OF- INVAR(20)

IR "

Treatment

MR P
Mean Coefficient,

After forging

Quenched from 830 C

Quenched rrom 830 C, tempered

Cooled from 830 C to room

temperature in 19 hr

win./in./C
17 t0 100 C  1.66
17 to 250 C  3.11
18 t0 100 C 0.64
18 to 250 C  2.53
15 to 100 C  1.02
15 to 250 C  2.43
15 t0 100 C 2.01
15t 250 C 2.89

TABLE 5.

EFFECT OF QUENCHING AND COLD DRAWING ON

THE EXPANSIVITY OF INVAR PER DEGREE
CENTIGRADE( 20)

Dixect From

Annealed and

Quenched and Cold
Drawn 0,125 to

Hot Mill Quenched 2.2% In.
1.4 x 10~ 0.5 x 10-6 0.14 x 10-6
1.4 x 106 0.8 x 106 0.3 x 10-6
TABLE 6. SOME PHYSICAL AND MECHANICAL PROPERTIES

OF INVAR(20)

Solidus Temperature
Density

Tensile Strength

Yield Point

Elastic Limit

Liongation

Reduction in Area

Scleroscope Hardness

Brinell Hardness

Modulus of Elasticity
Tension

in

Thermoelastic Coefficient
Specific Heat (25 to 100 C)
Thermal Conductivity (20

to 100 C)

Thermoelectric Potential
(Against Copper) (~96 C)

2600 F (1425 C)

8.0 ycu em (300
1b/cu ft)

65,000 to 85,000 psi

40,000 to 60,000 psi

20,000 to 20,000 psi

30 to 45 percent

55 to 70 percent

19

160

21,400,000 psi

500 x 1078/C
0.123 cal/g/C
0.0262 cgs units

9.8 microvolts/C

TABLE 7. ANNEALING(2) INSTRUCTION FOR CARPENTER
INVAR "36"(21)
Temperature Rockwell Hardness

1200 F (6% C), air treat
1500 F (815 C), air treat
1800 F (980 C), air treat
1900 F (1040 C), air treat

B-87/88
B-77/78
B-70/71
B-66/68"

(a) Between O and 38C.

(a) Annealing:

Heat to 1450 F (790 C) and hold at

heat 1/2 hour per inch of thickness, air cool.
Heating to temperatures above 1000 F (540 C)
relieves the prescnce of cold-work stresses.
The higher the temperature, the lower the
annealed hardness as shown here.

Specimen held 5 minutes at heat.
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Csrbon ) 0.12 0.12 0.08 0.10 0.10
%‘3. «35 +90 0.40 0.50 0.%
Stlicor - 0.3 0.3 0.25 0.25 0.40 g
Chromium - - - - - - H
Mickel 36.00 36,00 38.00 42,00 49.00
Other Elements Fe bel Fe bal Fe bal Fe bal Fe bal i
}:‘
Bhysical Constants >
Specific Gravity 8.05 8.05 8.08 8.12) 8.25 :
Density, 1b/cu in, 0.291 0.291 0.252 0.293 0.298 3
Thermal cbndlcuvlty {Range 20/100 C) ;
cel/cm3/sec/C 0.02% 0.025% 0.0253 0.0257 . 0.0% i
Btu/nr/sq £4/8/in. 72.6 72.6 <X 74.5 90.0
Electrical Resistivitys .
wohm=-ca 82 82 - 72 48 ;
ohms/cir mil £t 0% 495 - 430 290 :
Curle Temperature, C 2680 280 34 380 500 :
: Melting Point, C 142% 142% 1425 1425 1425 K
; Specific Heat 0.123 0.123 0.121 0.120 0.1 1
i o slnjmjc x 10 E! :
b ino/ino/t x 10'6)
(As Annealed)
A Temperature Range:
7 2% - 100 C 1.18 1.60 2.20 4.63 8.67
1y 25 - 200 1.72 2.91 2.66 4.76 9.38
S"Z 25 - 300 4.92 5.99 3039 4.88 9.0 !
- N 25 - 3% 6.60 T.%6 4.68 %5.02 9.25 5
‘{\vi;": 23 - 400 7.82 8.88 6.00 5.69 9.14 -
ity 28 -4 8.82 9.%0 7.22 6.90 9.65 :
PR 25 - %00 9.72 10.66 8.17 7.78 9.72 {
0a 2% - 600 11.3% 12.00 9.60 9.90 10.80 ;
2y 25 - 700 12.70 12.90 11.00 11.00 11.71
g} = 29 - 800 13.4% 13.60 11.95 11.99 12.57
= 2 25 - 900 13.85 14.60 12,78 12,78 13.29
s 2% - 000 - - 13.42 - -
Ayt
Bose 77 - A2F 0.655 0.89 1.22 2.57 4.8
e T - 392 0.956 1.62 1.48 2.54 5.20
e 7 - 572 2.73 3.3 1.88 2.71 5.17
Lot 77 - 642 3.67 4.20 2.0 2,78 5.14
ot 77 - 152 434 4.93 3.34 3.14 5.07
BT 77 - 842 4.90 5.45 4.01 3.83 5.36
B 77 - 932 5.40 5,92 4,54 4,32 5.4
pr 77 - 1112 6.31 6.67 5.33 5.50 6.00
ey 77 - 1292 7.06 7.17 6.11 6.12 6.51
it T7 ~ 1472 7.48 7.5 6.64 6.66 .06
¥ 77 - 1652 7.7C 8.12 7.10 7.10 7.38
«:., 77 - 1832 — —_ 7.45 -~ -
s
s Mechanical Properties (As Anpealed)
238 Tensile Strength, psi 65,000 65,000 75,000 82,000 85,000
ot Yield Strength, psi 40,000 40,000 38,000 40,000 40,000
5 Elongation in 2 in., ¥ 35 3B 30 KV 3%
599 Hardness, Rockwell B-70 B-70 B-76 B-76 B-70
-3 Elastic Modulus, psi x 106 2.5 2.% 21,0 21.0 24.0
i3 Ecims M ailsble
Strip
Cold Rolled X - X X X
“ Annealed X -— X X X
78 Annealec for Deep Drawing X — X X X
- Wive :
i Cold Drawn X X X X X
- Annealed X X X X X
. K Bars
b 2 Hot Rolled - X X X X
: Cold Drewn X X X X X 4
Centerless Ground X X X X X
Annealed X X X X X
Fluts, square X X X X X
Billets X X X X X
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TABLE 9. EXPANSION CHARACTERISTICS(®) o¢ mvar(27)

- —
Testing Coefficient of Testing Coefficient of
Temperature Expansion, Tempersture Expansion,
Range, F in./in./EF Range, F in./in./F

-200 to O 1.10 x 10-6 800 to 1000 9.50 x 10~6

0 to 200 0.70 x 106 1000 to 1200 9.90 x 10~
200 to 400  1.%0 x 10-6 1200 to 1400 10.20 x 10-6
400 to 600  6.40 x 1070 1400 to 1600 10.50 x 10~
600 to 800 8,60 x 10-6

(a) The above dsta show the low expansion of
Inver up to a temperature of approximately
400 F. Above this, it expand. at an
increasingly rapid rate, and ar-ve 525 F, it
expands at 2 rate more rapid than ordinary
steel.

TABLE 10. TYPICAL PROPERTIES OF INVAR(27)

Condition
Cold Cold Cold
Worked Worked Worked

Annealed 15% 25K 30%
Tansile Strength, 71,400 93,000 100,000 106,000
psi
. .eld Strength 40,600 65,000 89,50 95,000
(0.2% Offset),
psi .
Elongation in 41 14 9 8
2 in., ¥
Reduction of Ares, 72 64 62 59
%
Hardness, Bhn 131 187 207 217
Modulus of 21,500,000 - _ -
Elasticity, osi
foigson's Ratio 0.290 - -- -
Density, lb/cu ft 507 - - -

TAME 11. PHYSIEAL 0D MEGHMICAL PROPERYIES OF
IvaR(27)

Annealed condition unless noted
otherwise.

Aversge Coefficient

of Expansion,

in./in./E Temo, E
1.1 x 1076 -200 to 0

7 x 1076 0 to 200
1.9 x 10-6 200 to 400
6.4 x 10-6 400 to 600
8.6 x 10~6 600pto 800
9.5 x 10-6 800 to 1000
Cure lemperaturs 3% F
Modulus of Elasticity 21 x 106 pg!
Tempexuture Coefficient of +270 x 107

the Rochi,us of Elasticity

per F
Modulus of Rigidity 81 x 106 psti
Tespersture Coefficlent of +300 x 10-6

the Modulus of Rigidity

per F
Poisson's Ratio 0.290
Electrical Resistance:

Ohms/mil ft 490

woha~ca 81
Temperature Coefficient of 0.67 x 073

Electricsl Resistance

per F
Specific Hyat Between 77-212 F:

Btu/1b/F or cal/g/C .123
Thermal Conductivity Between

68-212 Fs

Btu/hr/sq £t/in. thickness/F 93
Cal/sec/3q cm/cm thickness/C 0.0323
Melting Points

Teap, F 2600

Tesp, C 142%
Densitys

Lb/cu ft %08

G/ca3 8.13

Cold Cold Cold
Worked Worked Worked
Annealed __15% 20K _ 0%

Tensile Strength, 71.4 93.0 100.0 106.0
103 psi
Yield Strength 82.% 65.0 89.5 95.0
(0.2% Offset),
103 pst
Elongation in 41 14 9 8
21in., X
Reduc*ion of 72 64 62 9
Ares, X
Hardness, Brinell 13 187 207 217
Magnetic Properties
Field Strength,* Normal Induction, Permea-
B, gqauss bilitwi
Annegled
0.l 200 1000
0.4 9500 2200
0.8 3160 3700
1.2 4300 3500
1.3 44%0 3400
Hardened
2 00 175
4 1500 400
6 4000 700
8 5600 710
10 6500 630
Yarfezlen of Permoability With Temperature =

o Field Sirenash of 5 Qercteds
Jemperature, F Perpoabllity

[v] 1800
%0 1715
100 1630
1%0 1545
200 14%0
240 1360
Annealed Hardened
Initiel Permeability 1000 180
( spprox)
Maxinunm Permeability 3%00 600
{ approx)

* Also known as Magnetizing Force (H).
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TABLE 12. SOME PHYSICAL AND NICAL PROPERTIES
OF FPEE-CUTTING INVAR(26

Recommended Use: For ' w cosfficient of lineer
evpansion, good elastic liamit,

and stadility.
———Rimensional Stability . __
Dimenisional
Temperature, Tive, Gulngeg,
D SR Months
Ri 6 10
160 6 0
-150 to +200 10(8)

Heat treatment fors Maximum stability

Procedure: Initial Condition: Cold Drawn
(1) 1200 F, 1 hy, furnece (2) 1%25 7, /2 hr,
cooly 200 F, 20 hr. water quenchs
1200 ¥, 1 hr, air
cool; 200 F, 48
hr, air cool.

Physical Properties
Density 8.13 o/em3
Thermal Conductivity 0.025 cal/g/cm?/cm/g/sec
Resistivity woha-cm
Specific Heat cal/g
Permeability (max) 3800
Thermal-Expansion 2.0 in./in./C

Coefficient

Mechanica) Properties'®)
Hardnuss 90 Rockwell B
uTS 90 x 103 psi
YP (0.2% Offset) 70 x 103 psi

Elongation (2 in.) 20%

Modulus of Elasticity 22 x 106 psi
Elrstic Limit 47 x 10° psi
Elastic Lindt/density 5.85 x 10° psi/g/cm’
Modulus/density 2.71 x 105 psi/q/cm3

{(a) After 10 cycles between -100 and +200 F
(b) Mechanical properties for Heat Treatment 1
(stress relief).

TABLE 13. EFFECI OF STRESS ON EXPANSION COEFFICIENT(29)

10-11/psi-C
&/ da d&x/do,
E at 20 C, dE/dT,  -1/E2(dE/dT), experi-
Steel 106 psi 104 psi/C calculated mental

1020(3) 30.5 -1.1 1.2 0.6

30.4 -0.7 0.8 1.0
1040(b) 25.9 -1.4 1.5 1.5

29.6 -1.6 1.8 2.2
1080(b) 29.4 -1.2 1.4 1.7

30.2 -1.3 1.4 2.1
Regular Invar(c) 19.8 1.7 -4.3 -2.9

20.3 2.3 -5.6 -5.3
Free-Cut Invar( c) 20.3 1.5 -3.7 -4.3

20.6 1.6 -4.6 -5.8

Ta) 1675 F (30 min), water quench; 600 F (1 hr), alr cool.
(b) 1550 F (30 min), oil quench; 700 F (1 hr), air cool.
{c) 1200 F (1 hr), furnace cool.

—— - ——— e g—
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TABLE 4. VARIATION IN SOME PHYSICAL PROPERTIES WITH NICKEL CONTENT OF IRON-NICKEL ALLOYS CONTAINING

FROM 20 TO 60 PERCENT NICKEL

Jensile Properties

Tensile Elastic Elonga- Reduction

Nickel, Manganese, Carbon, Strength, Limit, tion, of Area,
% % % Treatment 103 psi. 103 psi % %
26.0 . 1.30 0.20 As rolled 78.5 12.0 80.C 70.7
Quenched 76.0 15.0 49.5 7G.5
30.0 1.50 0.15 As tolled 90.0 27.0 39.5 69.7
) Annealed 84.5 28.0 46.5 68.5
Quenched 8l.5 23.0 44,2 70.5
30.0 2.00 0.40 As rolled 105.0 45.0 47.0 66.6
Annealed 101.5 25.0 46.5 66.4
Quenched 91.0 25.0 45,7 69.3
32.3 2.30 0.12 As rolled 82.0 30.0 37.5 65.6
Annealed 77.5 22.0 43.0 66.2
Quenched 73.0 18.6 39.5 64.7
35.1 1.50 c.22 ' As rolled 89.0 30.0 40.6 67,5
Anneal-~d 85.0 30.0 42.0 67.3
Quenched 82.0 27.5 41.0 65.0
36.0 0.50 0.08 As rolled 76.5 36.5 36.3 65.6
Annealed 72.5 24,0 39.2 7.5
Quenched 70.5 20.0 3.0 58,3
43.0 1.5%0 0.35% Cold drawn 100.9 52.3 16.2 46,0
45.0 1.50 0.37 As rolled 1¢7.0 40.0 40,0 51.1
Annealed 94.5 35.0 43.7 5l.1
Quenched 73.0 19.5 38.0 46.3
50.7 1.25 0.17 As rolled 93.0 48.5 38.5 67.7

Steels from The Midvale Company; annealed from above 790 C (1450 F); quenched from above

760 C {1400 F).

Slastic Modulus

Densit

Density, g/cc

{Guillaume)
Modulus of
Nickel, Elasticity, Nickel,

% 106 psi % Heqq
24,1 27.5 20.0 8.02
26.2 26.4 24.1 -—
27.9 25.8 26.2 -
30.4 22.8 30.0 8.C6
31.4 22.0 30.4 -
34.6 21.9 31.4 -
35.2 21.2 34.% -
37.2 20.8 37.2 -
35.4 21.5 39.4 -
44,3 23.2 44.3 -
70.0 28.2 0.0 8.0%

6J.0 8.29
Electrical and Thermal Properties
Temperature Thermoelectric Thermal
Coefficient Power (Against Conductivity
Nickel, of Resistance, Copper), 0 - 96 C, 20 - 100 C,
% 0 -100C microvolts/C cgs ts
21.0 0.0018 23.5 -
22.1 0.0018 21.0 0.0490
25.2 - - 0.0320
26.4 ©.0016 16.7 -
28.4 - - 0.0278
35.1 0.0011 9.8 0.0262
4.0 0.0022 22.4 -
45.0 - 29.0 -
47.1 0.0036 31.9 0.0367
75.1 - - 0.0691

Guillaume

8.111
8.0%96
8.049
8.008
8.066
8.005
8.076
8.120

Specific Heat
25 - 100 C,
cal

0.1163
0.:1181
0.1191
0.1228

0.1196
0.1181
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TABLE 15. PROPERTIES CF LOW-EXPANSION NICKEL ALLOY(31)(a)
NL 36 N1 42 Ni 47-50

——Camgosition, £ Fe-Bs) Fe-Bal Fe-Bg)

V.
Density, 1b§cu in. 0.292 ¢.292 0.296

e Melting Point, F 2600 2606 2600

B Thermal Conductivity, .05 6.21 6.91

§3 : Btu/hr/sq £t/ft/F,

: 68-212 F

E;; Coefficient of Ex-

) pansion per Fi . Co
5 -200 to OF 1.10 x 106 3,42 x 106 5,37 x 1070

% 0 to 200F 6.70 x 1076 3.18 x 106  5.55 x 10-6

o 200 to 400 F 1.50 x 1076 2.97 x 10-6  5.55 x 10-6

K 400 to 600 F 6.35 x 106 3,15 x 10-6 .55 x 10-6

b, 600 to 800 F 8.61 x 1076 5,50 x 10=6 5,60 x 10~6 v
Je €30 to 1000 F 9 18 x 1076 8.55 x 10-6  7.26 x 10-6

¥ Specific Heat, 0.123 0.121 0.120

Btu/1b/F, 7T7-212 F
Electrical Resistivity, 81 70 48 {
microhm-cm at 68 F

Mechsnical Properties
Modulus of Flasticity 21 x 106 22 x 106 24 x 105 TABLE 16. MECHANICA. PROPERTIES OF MINVAR(2L)

in Tension, psi
Tensile Strength,

QG

i 103 psis Tensile Strength, 103 psi 20 to 30 ;
. é‘"’;g‘lzgked ;g 1;8 133 Compressive Strength, :1303 psi 80 to 100 4
old w < 3
. Yield Point, 103 psis Torsional Strength, 10% psi 30 to 35 3
Annealed 24 28 3 Torsional Modulus, 106 psi 4.5 kS
p Cold worked 70 -- -~ Modulus of Elasticity 10.5 g
E. Elongation in 2 In., %: {Stiffness) at 25 Percent 3
< Annealed 36 38 41 Tensile Strength, 106 psi -
Cold worked X - - i
Reduction of Area, ¥: Transverse Strength(a) ;g‘j
Annealed 68 70 72 Load, 1b 1,800 to 2,000 -3

Cold worked 60 - -~ Def'ection, in. 0.6 to 0.9 b

|

&
Haﬁx::i;d (5hn) 14 156 170 Resistince to Galling High (similar %o _';g
Cold worked (Rockwell) -- B100 B103 _ and Wear ) gray iron) £
Modulus of Rigidity, 8.1 x 106 8.5 x 10 9.3 x 106  Vibration Damping Capacity High (similar to D2
psi gray iron) Px
Poisson's Ratio 0.290 0.290 0.290 Endurance Limit, 103 ps. 9.9 4
Hardness, Brinell 100 %o 125 l,g‘
Thermal Treatment (b ¢ be
Anriealing Temperature, Soften progressively in range Toughness by Impact, ft 1p{b) 150( ¢) Pa
1000 to 2300 F. Pattern Shrinkage, in./ft 3/16 be
Machinability Excellent ‘3_

Eabricating Properties : :
Hot-Working Temp t0 2300 F  to 2300 F to 2300 ¥ \3) Standard ASTM Type B bar. .

Renge, F (L) Arbitration bar unnotched, struck 3 in. above

Machinability Index Machine best at a hardness of about supports. .
Rockwell C 2u. (c) 25 to 35 ft-1b for gray iron. I
Weldability Can be welded by acetylene torch, metal 1.

arc, carbon arc, resistance methods.

Corrosion Resistance Resistant to atmospheric corrosion
and to fresh and salt water.

Avajlable Fomms Bars, plate, sheet, strip, wire,
tubing, forgings, castings.

Uses Length standards. instruments, hypo-
dermic syringes, textile machining
parts, thermostatic bimetal (to 400 F
400 F).

Higher temperature thermostatir bimetai, :
instruments, glass sealing (to 650 F).

Higher temperatuve low-expansion ap-
plications (to 1000 F).

(a) Alloys which have become most widely used are .'¥ nickel
{Invar) for low expansivity up to about 400 F, 42% nickel
for temperatures up to 350 F, and 47 to 50% nickel for ‘

temperatures up to 1000 F.
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TABLE 18. SOME PROPERTIES OF NILVAR
Lomposition
Nickel 25,00-36.00
Carbon 0.10 max
Menganese 0,30 max
Silicon 0.50 max
Iron Balance
Physical and Electrical Properties (Anpealed) !
Speciric Gravity 8.08 2
Density, 1b/cu in. 0.292 [
ihermal Emf  Copper (0-100 C) 9.72 i
microvoits/C Ig
Specific Resistance, ohms/cir. 500 &
mil fL g
Temperature Coefficient of 1.354 x 1073 f,é
Electrical Resistance, ‘2
ohms/ohay/C ;
Specific Heat, Btu/1b/F (77-212 F) 0.123 2
Thermal Conductivity, 72.6 E
Btu/£t2/in./F/hr (68-2x2 F) i
Melting Point, C 1425 %
Curi: Temperature, C 277 ,ﬂ;‘;
Inflection Temperature, C 190 %
Typical Thermal Coefficient Expansion, in./in./F 4
(Reference 70 F) e
-200 to OF 0.0000011 P
0to 200F 0.0000007 i
200 to 400 F 0.0000015 ;
- 400 to 600 F 0.0000064 3
TABLE 17. PHYSICAL PROPZP™TES OF MINVAR(31) €00 to 800 F 0.0000086
800 to 1000 F 0.0000095 4
Folsson's Ratio 0.290
Specific Gravit- ) Modulus of Elasticity, éo6 psi 21 M
Density, ib/cu in. 0.275 Modulus of Rigidity, 100 psi 8 |
Melting Point 2,250 F Total Expansion Versus Temperature g
P . - E |
Me?n Coefflf:lent of Expan.ion i Teppersture, F ?pﬂf"ﬁ:‘?n’ ;
Minvar Having 35 Percent " :kel i
- = | == -100 0.0000 K
Temperature Mi.i~ ths 0 L0001 5
Range, F C , 100 0.0002 :
- 200 §.00025 3
0-125 2.18 300 0.00035 ;
50-200 2.04 400 0.0005s i
030 2.40 2 0.015
- PO 800 0.0035
Thermal gonductxw Wy 0.094 900 0.0045
cal/cm’/sec/C 1000 0.0055
Electrical Resistivity, 142-170
/Cm Typical Tens Properties
Magnetic Response About 70 percent Annealed  Cold Drawn
of gray :iron Tensile Strength, 103 psi 70 %0
Yield Point, 103 psi 24 70
Elongation, ¥ in 2 in. 36 20
Reduction of Areas, ¥ 68 60
Brinell Hardness 143 185
Yarlstion of Permeability with Temperature
(for a field strenqgth of 5 cersteds)
Temparature, Permeability,
E B
o} 1800
50 1715
100 1630
150 1545
200 1450
240 1360
Thes ¢ Properties (Hard Lrawn)
Field Strength,* Nommal Induction, Permeability,
H, oexrsteds __B. _gauss m
2 200 1760
4 1600 2900
6 4000 4400
8 5600 4500
10 6500 4300
Ihermomagnetic Properties (Anneajed).
0.1 200 1000 )
0.4 9500 2900 e
0.8 3100 3700
1.2 4400 3500
1.3

4450 3400 ;
*® Also known as Magnetizing Ferce (H). ?
[}
H
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TABLE 19, RELATIVE MACHINABILYTY OF CARPENTER FREE-CUT INVAR 3e(?l)
v Regular Invar (Non-Free-Machin.ng) Carpenter Free-Cut Invar 36 1
g ——lperation Speed Remarks - Speed Berarks
;1
g, 29 Machining satisfactory
- sur ft/min
é 49 Tool failed after cutting about
x: Roughing sur ft/nin 1" along bar
f (Bax 1" round) 82 Tool failed after onljy a few 82 Mechining satisfactory; no effact on
& Cut: 3/32" sur ft/min  revclutions. sur ft/min  tool
§ Feed: 0.005% 137 Top speed for the lathe used; no indi-
y sur ft/min cation of failure; at this speed feed
@ was increased from G.C055" to 0.0125"
S with results still satisfactory
3 Finishing 23 Indications were that this speed 112 This speed gave a very gcod finish;
‘ Cut: 0.050" sur ft/min  provided the best possible sur ft/min  with {eed increased to 0.01Z3" the
. Feed: 0.0055" “inisn finish was still good
Igi
5 NOTE: This test made to determine highest speed possible for satisfactory finish
s
!
§ } Drilling 665 rpm, Drill failed completely when 665 rpm Drill went through entire 2-3/16" test
5, ! 7/1s" rough high-speed 75 fpm hole was only 1-1/16" deep block with ease; after test, drill
. drills, test block 2- still in good condition
3/16" thick. Feed:
0.004" per revolution
Threading 60 rpm Two rough cuts resulted in 188 rpm Same number of rough and finish cuts
made; threads greatly superior to

"torn" tnreads; two finish
cuts failed to provide =atis-
factory threads

Single-pocint tool.
Ten threads per in.
Two roughlng cuts,
0.04", Two finish
i cuts, 0.004"

] NOTE :

those on regular Invur sample

This test mate to determine highest speed Ior best possible threads.

TABLE 20. SOME PROPERTIES OF INvAR(21)

Physical Constents

Thexmal Conductivity:

In British thermal units = 72.6
(Bzu hr/sq ft/in. thickness/F from +76 F to 212 F)

In CGS Units = 0.025
| (Cal/sec/sq cm/cm thickness/C from 21 C to 160 C)

Specific Heat (77 F to 212 F) = 0.123

Thermoelastic Coefficient:
60 F to 122 F = +27 x 10~%/F
16 C to 50 C=+50 x 10-%/C
Specific Electrical Resistance:

Carpenter Inver 36 —-
A}r,nealed: 530 ohms/cir. mil ft (&8 Microhms per cc)
Cold drawn: 490 ohms/cir. mil ft (81 microhms per c¢)

3 Carpentexr Free-Cut Invar 36 --
Annealed: 70 ohms/cir. mil ft {95 microhms per cc)
Cold draw : 510 ohms/cir. mil ft (85 microwms per cc)

Tersile Propert;es, Haruness, stc., for 1" Round Specipien

% Elastic
- Tensile Limit-- Elastic
5 Strength Yield 2oint, Reduction Elongation rigrdness Modulus,
103 psi 103 psi of Area, ¥ _4n 2", %  Brinell Rockwel} 10% psi
(Anneaied)
65 40 65 3% 125 B~-70 0.
(Cold Drawn)
¥ 90 70 60 20 185 B-90 21.

Shearing Strength at B-90 Rockwell = 45 x 103 psi
Torsional Mcdulus. = 7,100,000

2 Mpit) N
{endurance L spproximately G.4 -

Endurance Ratlo (tensile strength) =

i
é
£
§
i
&
5
4
B
&
%; Ized Tmpact at B-90 Rockwell = 90 ft-1bs
g
&
.%:I
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TABLE 21. DIMENSIONAL STABILITY OF /ARIOUS JNVAR-TYPE ALLOYS AFTER !
3 HEAT TREATMENT{ 33

F Length Change in |
Rock- Time &~d Cyclic Stability Tests, Thermal
Cycled Expansion

well in./in.
Hard- Aged &t 70 F G2d at 1O F 10X, Coefficient,

~Alloy . Specimen Treatment(3) ness _1mo 3mo 12mr lme 3mo 12moto -95F 1078/c
Hi-Span 60~-1A Cold rolled {as received) $63 5 -1 -10(b) - - - - -
Lo 45 Solutionize 1800 F, 1-1/4 hr, WQ - - - - - - - - -
60-1,2,3 Age 1250 F, 21 hr, AC c3a  -10 -15 -15{b) <15 15 —20(b) -10
AONi- 77-1A Quench~ 1525 F, 1/2 hr, WG B2 0 0 o -10 - - - 1.5
Anneal
58 Fe 77-2,3 - - - - - - - - -
Mi-Spun-C  51-1 Cold urawn  (ac received) AE) «5 -5 =-5b . - - - -
Solutjonize 1800 F, 1-1/4 hr, WQ - ~ - - - - - - -
61-1,2,3 Age 1250 F, 21 hr, AC cag  -10 -10 -10{b) -5 15 -15(B) -30 7.2
Cupex Cold drawn (as received) B9S - - - - - - - -
Nilvar  9-1,2,3  Anneal 1525 F, 1 hr, ¥C BG7  ~10 - - -5 - - +25 -
% Siress 1200 F, 1 hr, FC - - - - - - - - -
! Relieve
g 9-% Stabilize 200 F, 24 hr, AC - - - - - - - - 0.8
{ 32 Hi- 75-1,2,3 Quench- 1525 F, 1/2 nr, WQ B93 0 +5 5 +5 - - -55 3.4
ﬁ Anneal
f 6% r2 - - - - - - - - -
E Ni-Span-  62-1 Coid drawn (as receized) A62 o -10 uls(b) - - - - -
i Hi Sclu*tonize 1800 F, 1-1/4 hr, WQ - - - - - - - - -
i 62-1,2,3 Agl 125 F, 20 hr, AC-(R) C30 -5 -5 -sB _1p -10 -10id) -10 15.5
E kg
f (a) (R)-recommenued treatment; WQ - water quenched; FC - furnace cooled; AC = air cooled.
§ (b) 6 months of aging

TABLE 22. COMPOSITIONS OF ALLOYS REFERRED TO IN TABLE 39o(33)

t Specimen Nickel Compasition
§ No. Alloy c Mn Si S P Ni Fe Cx Cu Al Ti
’ 60 Ni-Span-Lo 45 0.0Z 0.5° (.39 0.007 - 44,88 51.03 C 31 3.0% 0.65 2.11 :
' 77 42N1-50Fe 0.08 0.%2 0.2} 0.008 0.009 40.87 Bal ~- - - -
' 61 i~Span C 0.04 0.%7 0.5 0.007 - 41.60 48.11 6.01 nN.05 0.6l 2.10
‘ 51 Reg. Invaxr 0.07 0..3 0.39 0.018 0.010 35.80 Bal - - - -
%0 Reg Iavar 6.10 U.16 0.28 0.013 0.008 3%.13 Bal - - - -
52 Frec-fut e} Se
L1nvar 0.07 0.88 0.32 0.005 0.009 35.37 Bal 0.08 0.i6 - 0.44
65 Free-cut Mo _Se .
Invar 0.0% 0.85 0.34 0.016 0.006 26,37 Bal 0.00 Q.19 -  0.40
Co
9 Supe: Niivar 0.28 0.15 0.12 0.013 0.008 31.20 Bal - 5.37 - -
76 32Ni-68F @ 0.10 0.76 9.27 0.008 0.006 32.56 BRal ~ - - -
62 Ni-Span-H: 2.04 0.58 0.53 0.007 - 28.82 58.39 8.62 0.04 0.72 2.23

.
.
H
‘
H
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TAGLE 23. DIMENSIONAL STABILITY OF INVAR AFTES VARIOUS HEAT TREATMENTS(33)
oL
"
Length hazge in Time and Cyclic 4
Rock- S+abllity Tests, pin./in. Therual i
well Cycled Expansion ;
: K £ Hard- Aged at 70 F Aqud at 160 F 10X, Coefficient, i
R ; Alloy Specimen No. Treatment(2) ness 1 Mo. 3 Mo. 12 Mo. 1 Mo. 3 Mo. 12 Mo. t0-95F 10-6/C )
5 . 9 Free-Cut 52-1,2,3 Celd drawn, as received B98 0 0 0 15 0o +solb) ¢ -
N Invar 52-42,42 Stabiiize, 200 F, 20 hr, AC B98 -5 -5 - -5 -5 - -— -
3 Cold drawn, as received B9 -— - - - - - - -—
: 52-4,5,6 Stress relieve, 1200 F, B9S =15 -20 -25 o} - -10(b) - 5 -— -
sy 1 hr, FC
2 52-31 Stress relieve, 200 F, 1 hr, BYS -15 -20  -20{b) - - - —
k. Jie ,
3 N 52-32,33,34 Stxes(s relieve, 200 F, 20 hr, B95 -5 -5 -=&b ¢ 5 -s(b) -9 1.5
3 N . 44 AC- R:‘
g .7 52-7,8,9 Stress relieve, 300 F, 1 hr, 895 -15 =20 =30 =20 -20 -5  -]5 -
b FC
N 52-20 Stress relieve, 00 F, 1 hr, B9Y -5 -5 -s(b) - o .. - -
3 o8 P
‘_' e 52-10;12,20 Quencheanneal , 1525 F, B78 -3 -10 -10 -4 - - -10 -
: P 1/? hr, WQ
* K 52-19 Stabilize, 158 F, 1 mo, WQ B78 0 0 0 - - - - -
A 53-36,37,38 Stabilize, 200 F, 20 hr, AC B78 -35 35 -30{b) ~5 _ 5 - 0 -
7 52-15 Stabilize, 200 F, 1 mo, WQ B78 0 0 -5 -- -— -— - -
- 52-11 Stabilize, 2% F, 1 hr, FC B78 -5 =10 -10 - - - - -
3 52-18C Stabilize, 300 F, 1 mo, WQ B78 =10 =10 -15 -- - - - -
g 52-17 Stabilize, 400 F, 1 mo, WQ B78 0 -5 -5 - - -—- - -
52-21 Stabilize, 600 F, 1 mo, WQ B18 -5 -5 -10 | -- - - - -—
.3 $2-27,28,29  Anneal, 1525F, }/2hr, FC B8 -10 -5 .20(b) -5 _5 _ &b} -y -
B ' - & 52-39,40 Stabilize, 200 F, 20 hr, AC B77 -5 -5 -- -5 -5 - - -
1 K . ‘ Free-Cut 66-10,1:,i2  Cold drawn, as received B87 - -— - - — - - -
3 L Invar Stress relieve, 1200 F,
-4
e ~73 1 hr, FC
E ., : Stabilize, 200 F, 48 hr, B9 -10 -10 =-10b, -5 .5 olb) -35 2,0 '
E Ac-(R) |
3 66~7,8,9 Quench-anneal, 1525 F, - - - - - - - - )
3 - 1/2 hr, WG }
% g Stress relieve, 1200 F, - - —_ - - — - - :
o 1 hr, AC ( §
- Stabi)ize, 200 F, 48 hr, B9 -5 -5 -w0lb) - 0 olb) -i0 - '
. NV AC(R) ) 1
E . Y 66-1,2,3 Quench-anneal, 1525 F, B76  -20 20 -25(b) -20 .20  -po{b) -0y - f
'S 1/2 hr, WQ |
K -3 66-4,5,6 Stress relieve, 600 F, - - — — - - - -— !
1 hr, AC !
Suabilize, 200 F, 8 hr, AC B78 -10 -10 -15B) _10 10 -15(b) _o - f
Regular 50L-1,2,3 Quench-anneal, 1525 F, 77 ~15 =20 -20 +40 + 5 ~70 ~75 -
Invar 1/2 hr, WQ
50T-1,2,3 Quench-anneal, 1525 F, BT 4% -40  -2s(b) 10 -20  -30(b) 420 -
1/2 kr, WQ
Re ular  51-17,18,19 Anneal, 1825 F, 1 hr, FC B77 -25 ~-25 - +5 + 5 ~- -15 -
Invar 51-1,2,3 Quench-anreal, 1525 F, B77 -5 -5 - 125 +25 . =15 -
) 1/2 hr, WQ
51-2C,D Stress reliev., 158 F, 877 0 -5 -5 - - - - -
1 no, WQ
51-4,5,6 Stress relieve, 2% F, B77 10 -5 0 -10 0 - -190 -
1 hr, FC
51-10 Stress relieve, 300 F, B77 + 5 +95 +5 - - o= - - ,
1 mo, WQ :
| 351-9 Stres: velieve, 400 F, B77 +10 +10 «10 - -— _— — —
: 1 mo, #WQ
51-8 Stress relieve, 600 F, B7T + 5 +5 - - +30 -- - -
k. 1 mo, WQ ,
g 51-20 Stress relieve, 600 F, B77 - - - +25 +25 +25(b) - -
K- L 1 br, WQ
AR Stress velieve, 1200 F,
. 1 hr, AC
K. 51-22,23,24 Stabilize, 200 F, 48 hr, AC - -5 - 5(b) -0 ¢ olb) -10 -
E Minover  44-1,2,3 As cast, as received 859 *5 420 425 425 +30lb) -5 4.2
o Cast
& : Iron
a H
! " (a) (R) ~ recommended treatment; WQ - water quenched; FC -~ furnace cocled; AC -~ air cooled.
'3 (b) 6 months of aging. .
9 : [';
Y - N I
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TABLE 24.

SOME OF THE ALLOYS STUDIED BY HIDNERT AND KIRBY(38)

v

Sample

hemical Ccorpo

__T_._sm_A_em_.Si
Co Fe Cy

¢

Mp

tion, %

3

Ireatgent

Test

Phase

1762

1741

17 .3

1783

1782

1767

1770
1772

1769

53.8g

94.24

54.09

54.35

53,4

53.5,
53.53

53.5¢

36098

36.5¢

36.65

36.6y

35%.33

36.92

36.79
36.6)

50.23

8.5¢

2.0¢

9.09

9-1"3

9.2

9.3¢

9.3¢
9.43

9.5¢

0.13

0.07

0.06

0.03
0.08

0.06

0.01

0.07

0.08

0.07
0.07

0.07

0.44

0.14

0.31

0.15

0.24

0.29
0.28

0.22

Hydrogen-annealed at 1000 C for 1
hr and furnace-cooled in 20 hr

Hycrogen-annealed at 1000 C for 1
hr and furnace-cooled in 2j hx

Hydrogen~-annealed at 1000 C for 1
hr and furnace-cooled in 20 hr

1H
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TABLE 24. (Centiaueil)

1 C
Co Fe Cr

0S )
c _Mn Si

Treatment

Tes*, __Phrse

1764

17€5A

1765

§3.3; 36.43 9.5;

36.7g

9.57

36.29

36.5, 9.8,

09 .08 .33

07 07 .05

o1l .10 .27

"
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TABLE 25. {HH)S5ICAL +ND MITHANICAL PPOPERTIES OF
ELINVAR ALLOYS(42)

(o 1C sjtion {Varjes
. Different "Elinvars"
Nickel 33 to 35 percent
Iron 61 to 53 percent
Chromivm 21 to S5 percent
Tungsten 1 to 3 percent
Mangarese 0.5 to 2 percent
Silicon 0.5 to 2 percent
Carbon 0.5 to 2 percent
Mechanical Properties (Elinv.
Elastic Limit, psi 45,000
Coefficient of Modulus -5.6 x 1072

of Elasticity

(~50 to +50 C)
Coefficient of Modulus ~7.2 x 1072

of Ridigity

(-50 to +50 C)
Mechanical Properties (Modelvar)
Coefficient of Modulus +46,2 x 107

of Elasticity
{~50 o +50 C)

Thermal Properties (Elinvsr)

Coefficient of Thermal
Expansion

Thexmal Properties (Modelvar)

Coefficient of Thermal
Expansion

0.5 x 10-6/C

0.0 x 1076/
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TABLE 26.

NOMINAL MECHANICAL PROPERTIES OF Ni-SPAN ALLCYS

o o e e o T o= o e e b e —eee

Mechanical Properties

Yield
Propor- Strength Elongs-~ Tensile Torsional
Cold tional 0.2% Tensile tion in Hardness Modulus of Modulus of
Solution Working, Ligit, N¥fset, Strength, 2 in., Brinell, Elasticity, Elasticity,
Alloy Treated % Aging 10° psi  psi 109 psi % (3000 Kg) 1076 psi 106 psi
Ni-Span Yes No No 20 9 90 32.0 140 21.0 -
Lo 42 Yes No Ves 65 120 165 14,0 330 22,0 -
Yes 50 No 70 115 130 3.9 240 2.5 -
Yes 0 Yes 110 165 195 5.0 385 23.0 —
Ni-Span Yes No No Slightly lower than Ni-Span Lo 42.
Lo 45 Yes No Yes
Yes 50 No
Yes 50 Yes
Ni-Span Yes No No 15 35 85 27.0 125 —_ -
Lo 52 Yes No Yes 5% 95 120 17.0 305 22.0 -
Ni-Span Yes No No 20 35 80 30.0 140 - -
Hi Yes No Yes 60 95 150 2.0 305 25.0 —
Yes 50 No 60 120 140 4.0 250 24.5 —
Yes 50 Yes 80 130 180 8.0 370 26.0 -
Ni-Span Yes No No 15 35 90 40.0 145 24.0 -
Cc Yes No Yes 65 115 180 18.0 345 26.5 10.0
Yes 50 Ne 55 130 135 6.0 275 25.5 -
Yes 50 Yes 105 180 200 7.0 395 27.0 10.0
TABLE 28. RECOMMENDED AGING CONDITIONS FOR
TABLE 27, EFFECT OF NICKEL CONTENT ON AGING TEMPERA- MAXINUM HARDNESS
TURE FOR MAXIMUM HARDNESS IN Ni-SPAN Lo
ALLOYS
Hours st Temperzture for
Solution-Treated Solution-Treat2d and
Optimum Hardness, Temp, F Material Cold-Worked Material
Nickel, Aging Brinell
Alloy 3 Temp, F (3000 Kg) 1100 48 3 to 4
1200 z4 3 tc 4
Ni-Span Lo 42 42 1225 330 1250 24 3 t- 4
Ni-Span Lo 45 45 1230 320 13090 9 to 12 1
Ni-Span %o 52 52 1300 305 1350 3 1

g+ 9=
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TABLE 29.

COMPOSITION AND PROPERTIES OF Ni-SPAN C(44)

Typical Mechanical Properties

Tensile Strength, 17 psi

Yield Strength (0.2% Offset),

103 psi
Proportional Limit, 103 psi
Elongation, % in 2 in.
Rockwell Hardness
Brinell Hardness
Modulus of Elasticity,
x 106 psi

Composition $pecification

Nickel
Chromium
Titaniun
Carbon
Manganese
Silicon
Aluminum
Sulfur
Phosphorus
Iron

9 to

4
2.2 to

0.30 to O

41 to 43 percent
5.5 percent
2.6 percent

0.06 max
0.80 max
1.00 max
30 percent
0.04 max
0.04 max
Balance

Physical Properties of Constant-Modulus Alloy

Melting Rangc

2650 to 2700 F

Density 0.294 1b/cu in.
Specific Gravity 8.15 g/cc
Specific Heat, 32 to 212 F  0.12 Btu/1b/F
Thermal-Expansion 4.5 x 10-6 F

Coefficient -50 to +150 F
Thermal Conductivity,

90 Btu/sq ft/F/in./hr

32 to 212 F
Soft Full(
Anpealed a)
Thermal Coefficient of 0.00025 0.00031
Resistivity, per F
Electrical Resistivity, 580 480
ohms/sq mil/ft at 68 F
Electrical Conductivity, 1.4 1.7
% IACS at 68 F
Mcdulus of Elasticity, 24 27.5
10 psi
Modulus of Rigidity, 9.4 9.8
106 psi
Thermoelastic T.efficient, -3%5 to -15 =10 to +10
x 10~6/F
Tensile Strength, 103 psi 90 200
Yield Strength (0.2% offset), 35 180
103 psi
Proportional Limit, 103 psi 15 110
Elongation, ¥ in 2 in. 40 7
Brinell Hardness 125 395
Rockwell Hardness 70B 42C

With No Cold Work

With 50 Percent Cold Work

Af tex Heat Treatment

After Heat Treatment

Before a3t Temperatuze Before _ __ at Temperature
Herdening J100 F 1250 F 1350 . Hardepina 1WQ F 1250 F 1350 F
90 150 180 175 135 185 200 200
35 95 11% 1% 130 160 180 180
15 70 6% 65 5% 105 110 105
40 30 18 17 6 8 7 7
70B 23C 33C 32C 28C 39C 42C 42C
125 245 305 300 270 380 395 395
24 27 26.5 26.5 25.5 27.5 27 27

(a)

For strip 50 rercent cold worked before aging.

Values for wir

e are higher.

s
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TABLE 30. PROPERTIES OF Ni-SPAN cl45)

o, (Nominel Composition: 42 Percent Nickel, 2.5 Titanium, 5.5 Chromium, 0.05 Carbon) 1
v g Solution f
A Annealed Plus é
' Solution Heat-Treating Temperature 50 Percent egt-~Tre I e t
%gf" Tensile Strength, 103 psi 90 150 180 175 135 185 200 200 -
G Yield Strength (0.2% 35 95 115 115 130 160 180 180 L
B Cffset), 103 psi &
Ll Propertional Limit, 103 psi 15 70 65 65 55 105 110 105 ;:
c Elengation in 2 Inches, % 40 30 18 17 6 8 7 7 28
Rockwell Hardness 788 32C 37C 31C 29C 39C 42C 42C "
Brinell Hardnes- 145 300 345 340 275 365 395 395 -
Modulus of Elasticity, 24 27 26.5 26.5 25.5 27 27.5 27 e
106 psi
Modulus of Rigidity, 10 10 10 10 10 10 10 10 d
106 psi !
Approximate Thermoelastic ~15 -10 -5 0 -10 -5 0 +10 .
Coefficient x 106/F 3
Thermal-Expansion _, N
Coefficient x 10 /F 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
(~50 to 150 F)
Thermal Conductivity, 90 90 90 90 90 90 90 90
Btu/sq £t/F/in.

Electrical Resistivity,
ohms/sq mil ft at 68 ¥

Electrical Conductivity
(at 68 F)

480 to taola)

1.4°to 1.7 percent(‘)

(a) Depending on amount of cold working and precipitation heat treatment.

!

TABLE 31. MECHANICAL PROPERTIES OF LOW-EXPANSICN ALLOYS(45)

et

e—

——

Ni-Span Lo 42

Ni-Span Lo 45

e

Ni-42% C-0.06¥%
Composition: 11-2.4% _Ba) - Fe
50%
Cold
Worked
Conditions and
Anpealed Hax d Haxdepe
Proportional 20 65 110
Limit, 103 psi
Yield Strength, 40 120 16%
Offset, 103 psi
Tensile Strength, 90 165 195
103 psi
Elongation, ¥ 32 14 5
Rockwell Hardness 788 34C 40C
Modulus of 21.0 22.0 22.5
Elgsticity,
10° psi

Ni-Span Lo 52 .
Ni-45%  C-0.06% Ni-52%  C~0.6%
Ti-2.4¥ Ba! - Fe Ii-2.4% Bal ~ Fe
50% 50%
Cold Cold
Worked Worked
and and
H Hyrdeped ed Hardepned Hardeped
19 61 103 15 55 100
37 113 155 35 Y5 140
83 155 183 85 120 175
30 13 ] 27 17 5
748 33C 37C 71B 32C 36C
21.0 22.0 22.5 21.0 22.0 22.3

e
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TABLE 32, CHEMICAL COMPOSITION AND PROPERTIES OF Ni=SPAN C SPRING MATERIAL(42)

Chemjcal Composition

Nickel 4] to 45 percent
Chromium 4.9 to 5.5 percent
Titanium 2.2 to 2.6 percent
: Carbon 0.06 max

B Manganese 0.80 max

dﬁ?m Silicon 1.00 max

gf? . Aluminum 0.30 to 0.80 percent

& Sulfur 0.04 max

¥ Phosphorus 0.04 max
Iron Balance

Physical Properties

Density, 1b/cu in. 0.294
Specific Gravity, g/cc g..z

Mechanical Properties
Modulus of Elasticity at Room Temperature, psi

1]
4
B B LRI DFy 010 T 17 7irsr By Y 22, 9

Solution Annealed 24 x 100 :
Modulus of Elasticity at Room Temperature,
107 psi After Heat Treammeat at Temperature |
Unaged 1100 F 1250 F 1350 F '
Scolution Annealed 24 27 26.5 26.5
Solution Annealed +.°%
Cold Worked 25.5 27.5 27 27
Temperature Coefficient of Modulus of Elasticity, psi F -10 to +10 x 1076
Thermoelastic Coefficient, (x 10-6/F) :
Solution Annealed =35 to ~15 oY
Fully Aged ~10 to +10 .
Modulus of Rigidity at Room Temperature, psi x 10~6 )
Solution Annealed 9.4 :
Fully Aged 9.8 .

(values are for strip 50% ccld werked, values for wire are higher)

Tensile Strength (Typical) at Room Temperature, psi
After Heat Treatment at Temperature

Unaged 1100 F 1250 F 1350 F
Solution Annealed 90,000 150,000 180,000 175,000
Solution Annealed +50%
Cold Work 135,000 185,000 200,000 200,000

Tensile Strength at Elevated Tmperatures {for 1/8" diam wire, 50%
cold work, heat treated 1250 F for 4-1/2 hr, fast cool in vacuum):

500 F 177,000 psi
600 F 171,000 psi

Yield Strength (Typical) at Room Temperature, psi

After Heat Treatment at Temperature

Unaged 1100 F 1250 F 13 F
Solution Annealed 35,000 95,000 115,000 115,000
Solution Annealed +50%
Cold Work 130,000 166,000 180,000 18¢,000

Yield Strength at Elevated Temperatures ( for i/8" diam wire, 50%
cold work, heat treated 1250 F for 4-1/2 hr, fast cool in vacuum):

500 F 140,000 psi
600 F 135,000 psi
Proportional Limit (Typical) at Room Vemperature, psi
After Heat Treatment at Temperatuce 4
Unaged 1100 F 1250 F 13%0 F
Solution Annealed 15,000 70,000 65,000 65,000

Solution Annealed + 50%
Cold Work 55,000 105,000 110,000 105,000
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TABLE 32 (CONTINUED)

Proportional Limit at Elevated Temperatures (for 1/8" diam wire, 50%
cold worked, heat treated 1250 F for 4-1/2 hr, fast cool in vacuum):

500 F 71,000 psi
600 F 44,000 psi b

TN,

Hardness (Typical) at Room Temperature, Rockwell
After Heat Treatment at Temperature

Unaged 1100 F 1250 F 1350 F
Solution Annealed 70 B 23C 33C 32C
Solution Annealed +50%

Cold Work 28C 39C 42C 42c

Safe Working Stresses for Cold-Coiled Compression Springs

e S e e e SN L o A o B

Light Service 62,000 psi
Average Service 54,000 psi
Severe Service 44,000 psi

Relaxation at Elevated Temperatures (Load Loss) (Undcr Steady Load of

50,000 psi)

600 F 2.0% :
700 F 3.0% :
800 F 9%

lysteresia Error (percent of deflection) 0.05 max

Creep Error (percent of deflection in 5 min) 0.02 max

Thexmal Treatment

Hardening Temperature, (in nonoxidizing atmosphere
depends on degrees of cold work) 1200-13%0

Thermal Properties

Linear Coefficient of Thermal Expansion (-5 to +1%0 F),

|
|
in./in./F 4.5 x 1076 i
Specific Heat (32-212 F), Btu/lb/F 0.12 ‘
Thermal Conductivitv (32-212 F), Btu/sq ft/F/in./hs 9
Electrical Properties
Electrical Resistivity, 68 F, ohms/sq mil/ft
Soft Annealed Condition 580
Fully Aged, 50% cold work before aging
(wire values are higher) 480
Thermal Coefficient of Resistivity/F ‘
Soft Annealed Condition 0.00025 |
Fully hged, S0¥ cold work before aging i
{wire values are higher) 0.00031 \
Electrical Conductivity, 68 F (Copper = 100¥)
Soft Annealed Condition 1.4 ’
Fully Aged Condition 1.7

e a wtx w Ye M e e DR AN RY
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TABLE 33. TENSILE PROPERTIES OF Ni-SPAN C (1/8-In.-Diameter Wire)(42)

RO A i Lo RN
RO

“m vae eamwy

PR

Fty, Approximate Approximate Approximate
103 psi  Elongation, Modulus of Tensile Torsional Modulus of
Ftu, (0.2% in 6 In.,, Elasticity, Proportional Proportional Rigigity, i

Specimen F 103 psi  Offset) % 106 psi Limit, 103 psi Limit, 103 psi 10° psi .
t

1A~12 -40 196.8 157.6 3.3 24.2 75.7 41.6 7.3=9.7

1B-23 =40 - - -~ 26.1 70.8 38.9 10.0-10.4

1B-24 ~40 - - - 24.7 71.6 39.4 9.5-9.9 .

1C-12A -40 - - —— 24.3 — -- 9.3-9.7 {

1C-12B ~40 - - - 24.7 - - 9.5-9.9 i i
i

1A-~13 RT 200.0 153.9 10.0 28.0 53.8 29.6 10.8-11.2 ! !

1B-25 KT - - - 25.0 55.4 30.5 9.6-10.0 ¢

1B-26 RT - - —-— 24.9 54.6 30.0 9.6-10.0

1C-13A RT —— —_— - 24.8 - - 9.5-9.9

1A-14 105 195.4 150.4 9.2 26.3 71.6 39.4 10.1-10.5

1B-27 165 -— - - 25.7 64.1 35.3 9.9-10.3

1B-28 165 - - - 23.5 54.7 30.1 9.0-9.4

1C-14A 165 - - - 24.0 - - 9.2-9.8

1A-15 300 192.9 146.5 7.0 26.7 62.9 34.1 10.3-10.7 ;

1B-22 300 - - - 25.6 53.3 29.4 9.8-10.2 !

1B-30 300 - - - 25.1 50.5 27.8 9.7-10.0

1C-15A 300 - - - 24.4 - - 9.4-9.8

1A-16 800 178.0 132.1 1.3 24.2 60.0 33.0 9.3-9.7

1B-31 800 - —-— - 24.0 58.0 31.9 9.2-9.6

1B-32 800 —— - - 24.0 56.6 3l.1 9.2-9.6

1C~16A 800 - - - 22.9 - - 8.8-9.2

TABLE 34. PROPERTIES OF Ni-SPAN C(28)

Recommended Use

High physical proper’ies; age hardenable, can replace BeCu particularly where brazing is necessary;
zero temperature coefficien- of modulus

Dimensional Stability

Temperature, F

160

-100 to +200

Procedure

Initial Condition:

Physjcal Properties

Density

Thermal Conductivity

Resistivity

Specific Heat

Magnetic Properties

Thermal-Exparsion
Coefficient

Time, months

21 hr, air cool

8.15 g/cm3

0.0202 cal/g/em2/cm/C/sec
"9.7 ohm/cm

0.12 cal/g

Ferro magnetic

7.2 in./in./C

Dimensional Changes,

pin./in.

10
3o(a)

Mechanical Properties

Hardness

UTS

YP (0.2% offset)
Elongation (2 in,)
Modulus of Elasticity
Elastic Limit

Elastic Limit/Density
Modulus/Density

Cold drawn, 1800 F, 1-1/4 hr water quench, age 1250 F,

29 Rockw
100 x 10

11 C

psi

115 x 103 psi

18%

26,5 x 105 psi

57 x 103 x psi
7.06 x 103 psi/g/cm3
3.25 x 10° psi/g/cm3

()

After 10 cycles between ~100 and +200 F.

PRI A w’.«»}m’ M"
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TABLE 35. MECHANICAL PROPERTIES OF WILCO Ni-SPAN C CONSTANT-MODULUS ALLoy(a)(49)

(Nominal Composition: 42.2% Nickel, 2.5¥% Titanium, 5.3¥ Chromium, 0.03% Carbon)

m————————err
e et e——

106 1b/sq in.

Solution
Annealed
After Heat Treatment Plus 50% After Heat Treatment
Solution at Temperature Cold at Tepperature
Annealed 1100 F 1250 F 13%0 F Worked 1100 F 1250 F 1350 F
Teasile Strength, 103 psi 90 150 180 175 135 185 200 200
Yielg Strength (0.2% Offcet), 35 75 115 115 130 160 180 180
10¥ psi
Proportional Limit, 103 psi 15 70 65 65 55 105 110 105
Elongation in 2 ln., ¥ 40 30 18 17 6 8 7 7
Rockwell Hardness 70B 23C 33C 32C 28C 39C 42C 42C
Brinell Hardness 125 245 305 300 270 360 395 395
Modu'lne of Elasticity, 24 27 26.5 26.5 25.5 27.5 27 27

specification purposes.

TABLE 36.

SUMMARY OF PHYSICAL AND MECHANICAL
PROPERTIES OF WILCO Ni-SPAN C
CONSTANT-MODULUS ALLOY(a)(49)

(a) The values listed are typical and are for general engineering use.

TABLE 37.

They .nould not be used for

YOUNG'S MODULI'™ AND HARDNESS FOR VARIOUS
COMPOSITIONS AND AMOUNTS CF (OLD RE-
DUCTION(52)

worked before aging.
somewhat higher.

{a) These properties are for strip 50% cold
Values for wire are

Stress in Bending
Practical Working
Stress in Torsion
Hardness
Electrical Resistance

Coefficient of Linear
Expansion

Melting Range 2650 to 2700 F Nickel Cold Young's
Density +294 1b/cu in. Content, Reduction, Modulus Hardness,
Specific Gravity ~ 8.15 g/ec percent _percent dynes/cm2 Rp
Specific Heat (32 to 212 F) .12 Btu/lb/F 12
Thermal Expansion 4.5 x 10-6,F 38 30.6 1.72 x 10 32
Coefficient 38 49.0 1.74 x 1012 94
(-50 to +150 F) 38 60.9 1.26 x 1012 96
Thermal Conductivity 90 Btu/sq £t/F/in./hr 41.5 30.6 1.72 x 1012 9z
(32 to 212 F) 41.5 49.0 1.77 x 1012 95
41.5 60.9 1.54 x 1012 98
Solution Fully
Annealed Aged
Thermal Coefficient -00025 -00031 TABLE 38. PHYSICAL AND MECHANIGAL PROPERTIES OF
of Resistivity (/F) 150-ELASTIC ALLOY(53
Ele~trical Resistivity 580 480 -
(ohms/sq mil ft at 68 F)
Electrical Conductivity 1.4 1.7 -
(% IACS at 68 F) Composition 36% nickel, 8% chromium,
Modulus of Elasticity, 24 x 108 27.5 x 106 0.5% molybdenum, balance
psi iron and other small
Modulus of Rigidity, 9.4 x 106 5.3 x 106 constituents
psi Thermal Coefficient -20 x 10=6/F to +15 x
Thermoelastic =35 to =15 -10 to +10 of the Modulus 10-6/F (sprirg steel is
Coefficient {x 10~5/F) -190 x 10-6/F)
Tensile Strength, 103 psi 90 200( a) Hysteresis Error Less tnhan 0.05% of deflec-
Yield Strength (0.2¥ 35 18c{a) ticn
Offset), 103 psi , Creep Error Nct move than .02 ¥ of
Proportional Limit, 15 110(a) deflection in 5 minutes
103 psi Tensile Strength 170,000 psi
Elongation in 2 In.. % 40 7 roung's Modulus 26 x 106
Brinell Hardness 125 395 Torsion Modulus 9.2 x 106 psi
Rockwell Hardness 70B 42C Practical Working 90,000 to 100,000 psi

40,000 to 60,000 psi

Rockwell C 30 to C 36

Approximately 528 ohms/
mil ft (at 20C)

Approximately +4 x 106

e
Y
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TABLE 39. PHYSICAL AND MECHANICAL PROPERTIES OF ISO-ELASTIC ALLOY(42)

{0 e
e e —— ——
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5"
# .
H

S

%
%
L

Chemical Compesition

Chromium
Nickel
Molybdenum
Iron

Dysical Properiies

Density, 1b/in.3

8 percent
36 percent
0.5 percent
Balance

0.292

Mechanical Properties

Modulus of Elasticity, psi
Temperature Cce fficient of Modulus of Elasticity
Modulus of Rigidity, psi

Tensile Strength, Maximum, 103 psi

Elastic Limit in Tension
Elastic Limit in Tersion
Maximum Working Stress (Torsion), 103 psi
Maximum Working Stress (Bending), 103 psi

Rockwell Hardness

Hysteresis Error (percent of deflection)
Creep Error (percent of deflection in 5 minutes)

(hermal Properties

Linear Coefficient of Expansion, in./in./F

Thermal Treatment

Internal Stress Relief Tempera.ure, F

Electrical Properties

Electrical Resistivity, pohm/in.
Electrical Resistance, ohms/mil ft (68 F)

Magnetic Properties

Slightly magnetic

26 x 106

~20 x 106 to +15 x 10-6/F

9.2 x 106
170

60 percent of tensile sirength
angth

35 percent of tensile s

40 to &0

90 to 100
C-30 to 36
0.05 maximum
0.02 maximum

4 x 1076

750 (for 0.5 hour)

0.8 {?)
~528

R TABLE 40. RIGIDITY MODULUS (G), THERMAL-EXPANSION COEFFICIENT (), AND THERMOELASTIC COEFFICIENT (g),
k: FOR Co-Fe-Cr-!i ALLOYS (Ni ie¢ 10% of Gross Composition)(63)
i Composition, X _ kg/cm? o g Composition, ¥ kg/cm? a g
i Co Fa Cr +Ni (20)  {10~50 C) (200 C) Co Fo Cr +Ni  (20) (10~50 C) (2050 C)
x 105  x 106  x 15 x 105 x 1076  x 105
32 63 0 10 8.70 10.53 -25.3 45 45 10 10  6.80 3.2 +29.7
t 42 58 0 10 8.20 10.51 -20.8 46.5 43.5 10 10  6.91 4.39 +14.3
| 48 52 0 0 7.98 11.05 -21.6 48 42 10 10  6.83 4.95 +13.8
; 56 44 0 10 7.58 11.06 -25.4 52 38 10 10 6.74 7.78 + 0.2
: 60 40 0 10 7.02 10.92 -27.9 56 34 10 10  6.83 8.78 -12.9
] : 64 36 0 10 7.02 9.91 -24.7 €0 30 10 10 7.39 9.96 ~22.4
i 70 30 0 10 6.35 11.78 -33.6 65 25 10 16  6.88 10.61 ~26.2
: 75 25 0 10 6.28 12.55 -33.4 76 20 10 10 6.76 11.78 ~29.2
: 32 64 4 1 8.37 11.07 -34 3 43.5 45.5 11 16 7.08 3.71 +22.9
¢ 36 60 4 10 8.19 10.71 -34.1 - - - - - - -
: 39 57 4 10 8.07 1 .42 -26.6 36 51 13 10 7.71 17.01 -41.2
3 42 54 4 10 7.76 10.75 -25.8 39 48 13 10 8.08 16.01 ~27.7
3 45 51 4 10 7.91 10.83 -25.4 42 45 13 10 7.89 10.51 - 8.1
) 48 48 4 10 8.07 10.76 -29.0 45 42 13 10 7.76 8.08 + 4.4
g 52 44 4 10 6.79 11.02 -27.8 48 39 13 10 7.4 6.37 + 5.3
3 56 40 4 1 - 11.16 - 50 37 13 3 6.96 6.78 + 1.1
% 60 36 4 10 6.48 10.76 -19.6 52 35 13 10 7.00 7.27 - 4.7
E 66 30 4 10  6.58 11.58 -30.3 56 31 13 10 7.25 8.36 ~18.8
7 25 4 10 6.00 12.22 -26.4 60 27 13 10 7.23 9.84 -18.9

-
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TABLE 40. (Continuad)
G, G,
Compesition, ¥ kg/cm? o g __ _Composition, ¥ kg/cm2 o g

Co Fe Cr +Ni (20) (10~%0 C) (20~50 C) Co Fe Cr +Ni t20) (100 C) (20~%0 C)

65 22 13 10 8.09 14.39 -30.0
48 46.5 5.5 10 7.22 10.95 -32.7

8 38 14 10 7.08 7.3% 0
36 57 7 10 7.06 10.89 -34.0
39 54 7 10 760 10.69 -31.1 32 52 16 10 7.90 16.95 -4/.9
42 51 7 10 6.97 10.89 ~31.6 36 48 16 10 8.05 17.73 -41.7
45 48 7 10 6.59 11.07 -33.5 39 45 16 10 8.00 16.91 ~39.2
48 45 7 10 6.06 10.92 + 7.4 42 42 16 10  8.16 15.64 -29.8

P 1 7 10 6.57 8.16 - 0.3 48 36 16 10 7.87 13.64 -27.9

56 37 7 10 6.89 9.24 -13.4 52 32 16 10 7.47 9.07 ~ 6.0
63 30 7 10 6.50 11.10 -25,1 54 30 16 10 7.36 9.46 - 6.2
68 25 7 10 6.47 11.74 -28.5 59 25 16 10 7.74 10.37 - 2.3

67 17 16 10  8.33 14,63 - 9.0
42,5 48,5 9 10 6.70 4.06 +32,3
44,5 46,5 9 10 6.48 3.66 +18.5 58 25 17 10 7.44 10.90 - 9.5 5
43.5 47 9.5 10 6.83 2.20 +46.7 52 30 18 10 7.86 13.52 -29.4 ]
44 46,5 9.5 10 6.71 2.36 +29.9 |
44 5 46 9.5 10 6.58 2.65 +35,5 32 48 20 10 7.54 17.25 -43.1 .
45 45.5 9.5 10  6.83 2.90 +29.7 36 44 20 10 7.76 16.89 -35.1 .

42 38 20 10 7.98 16.54 -42.1 A
32 58 10 W0 6.81 12,40 -44,2 a8 32 20 10 7.90 16.01 -43.2 :
36 54 10 10 7.03 12.05 -39.2 52 28 20 10 8.57 13.81 -29.7 ;.
39 51 10 10 7.76 8.86 - 5.8 57.5 22,5 20 10  8.74 18.06 ~36.7
42 48 10 10 7.21 3.03 +28.2 65 1% 20 10 9.10 17.84 -30.2
43 47 10 10 6.83 2.42 +40.6 4
43.5  46.5 10 10 6.83 2.47 +34.9 3

TABLE 41. RIGIDITY MODULUS (G), THERMAL-EXPAW3ION COEFFICIENT (a), AND IHERMOELASTIC COEFFICIENT (g)
FOR Go-Fe-Cr-Ni ALLOY (Ni IS 30 PERCENT OF GROSS OOMPOSITION)(62)

e SRR

G, G, "
__LComposition, ¥ kg/cm? a g Composi tion, ¥ kg/cm2 o g :
Co Fe Cr  +Ni (20) (10~80 C) "20~50 C) Co Fe Cr +Ni  (20) (10~50 C) (20~50 C) i
x 10° x 1076  x 10-5 x 105 x 1% x 105 ;
10 90 0 30 6.16  10.58 -22.2 1 79 10 30 6.88  15.15 -23.2 :
20 80 0 30 6.06  10.93 -28.0 15 7% 10 30 6.64  10.65 - 9.8 f
24 76 0 30 6.16  11.12 -19.9 19 71 10 30 6.69 5.31 +22.4
30 70 0 30 6.16  11.8% -24.6 25 65 10 30 6.37 4.90 +27.4
3% 65 0 30 5.93  11.92 -25.3 30 60 10 30 6.41 6.47 +16.1
40 60 0 30 4.79  12.38 +10.0 34 56 10 30 6.14 7.50 + 5.8
44 56 0 30 5.37  10.54 + 8.7 40 5 10 30 6.32 9.26 - 6.3
5 50 0 30 6.14  11.64 -19.5 45 45 10 30 6.35 9.96 -14.1
5 45 0 30 5.83  11.90 -21.3 50 0 10 30 6.9  11.39 -21.6
15 82 3 30 5.75  10.83 -25.3 36 51 13 30 6.61 8.10 - 0.3
20 77 3 30 5.72  10.59 -25.3
25 72 3 30 5.55  10.08 -22.1 13 73 14 30 6.98  13.70 -29.8
32 65 3 30 5.40 8.25 +18.1 17 69 14 30 6.94  11.12 -14.0
37 60 3 30 4.55 9.12 +10.2 21 65 14 30 7,12 8.20 + 5.9
41 56 3 30 5.20 9.78 +12.1 26 60 14 30 5.97 6.40 +14.5
a4 53 3 30 5.48  10.65 - 3.2 30 56 14 80 6.59 7.19 4.8
41 45 14 30 6.37 7.04 - 3.5 :
10 84 6 30 6.98  15.52 -32.5 45 41 14 30 6.89 9.08 -13.0 i
13 81 6 30 6.67  12.56 -10.6 48 38 14 30 6.81 9.11 -16.8
17 77 6 30 6.57 3.83 +39.8
20 74 6 30 6.28 2.54 +62,7 33 5 17 30 7.11 9.33 - 5.0
21 73 6 30 5.88 1.87 +76.4 38 45 17 30 6.94 9.10 - 6.9
25 69 6 30 5.26 3.63 F61.7
29 65 6 30 5.39 4.75 +46,6 10 70 20 30 7.23 16,80 -38.6 J
34 60 6 30 5.65 6.14 +28.4 14 66 20 30 7.3 15.39 ~36.5
38 56 6 30 5.84 8.77 +10.5 20 60 20 30 7.84  15.20 -37.6
44 50 6 30 6.08  10.40 - 6.8 24 56 20 30 7.36  14.01 -34.4
49 45 6 30 6.52  11.02 -22.8 30 50 20 30 7.48  11.57 -21.0
35 4 20 30 7,19 10.32 - 6.0
18 74 8 30 .37 4.18 39,9 45 w30 7.44  10.52 - 6.7
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TABLE 42. RIGIDITY MODULUS (G), IHE§MAL—EXPANSION COEFFICIENT («), THERWOELASTIC COEFFICIENT (g)
FOR Co-Fe-Cr-Ni ALLOYS!62
G, G,
Composition __ kg/em? o g Composition, ¥ kg//cm2 o g
Fe Cr  +Ni (20 C) (1080 C) (2040 G) Co Fe Cr +Ni (20 C) (10~50 C) {20~50 C)
x 105 x 10~6  x 1075 x 105 x 10-6  x 1079
100 © 40 6.32  13.61 -20.8 3 89 8 4 7.8l 11.32 ~14.6
3% 0 40 6.40 9.11 - 4.6 9 83 8 40 6.49 6.14 +25.9
83 0 40 5.83 8.02 “10.8 11 81 8 40 6.60 4.69 +29,2
85 0 40 5.62 8.36 +14.9 13 79 8 40 6.8 4.03 +29.4
8 0 a0 4.82 4.47 +50.3 15 77 8 4 629 4.21 +32.3
™0 40 4.69 6.60 +08.8 17 75 8 40 6.29 4,12 +36.9
70 0 40 5.0% 8.74 + 5.4 2 72 8 40  5.48 5.50 +28.5
65 0 40 5.08 9.97 - 6.5
60 0 40 5.52  10.84 - 8.1 0 90 10 40  8.22 14.88 ~30.3
5 0 40 5.83  12.22 ~14.3 3 87 10 40  7.00 12.81 + 2.5
3B 0 40 6.11  12.07 -27.6 7 83 10 40  6.68 7.55 +16.2
g 81 10 40  7.15 6.09 +23.5
98 2 40 7.97  14.55 -23.3 11 79 10 40  6.02 4.97 +26.8
96 2 40 8.09 9.32 +14.9 13 77 10 40 7.19 5.47 +25.0
g1 2 4 6.72 3.05 +55.6 15 7% 10 40 7.07 4.5% +23.3
8 2 40 5.98 1.56 +63.7 20 70 10 40 6.18 5.35 +21.3
87 2 40 5.92 0.54 +78.3 25 65 10 40  6.40 7.01 + 9.7
85 2 40 5.01 1.04 +81.0 30 60 10 40  6.26 9.00 - 2.9
83 2 40 5.03 1.37 +77.4 4 50 1 0 6.14 10.83 -16.9
8l 2 40 4.82 2.53 +55.4
4 8y 11 40 7.39 9.67 + 9.6
95 4 20 8.96  13.77 -18.3
93 4 40 7.93 9.70 + 7.3 0 87 13 40 8.2 15.21 -33.9
89 4 40 7.26 4.00 +4, " 7 80 13 40  7.54 9.53 + 5.4
g5 4 40 6.78 1.84 +51.4 10 77 13 40 7.80 8.86 + 7.5
83 4 40 6.77 1.5 +56.6 12 75 13 40 7.80 7.64 + 9.3
8l 4 40 £.92 2.26 +62.3
79 4 40 5.74 2.92 +52.4 2 83 15 46  8.19 14.30 -34.2
76 4 40 5.50 4.29 +39.8 4 81 15 40 7.95 13.12 -27.4
73 4 40 5.39 5,98 +24.1 8 7715 4 8.4 12.94 -21.6
03 40 .32 7.53 + 7.5 15 70 15 40 7.03 7.62 +10.0
65 4 ) 5.7% 8.91 - 0.9 20 65 15 40 6.77 8.09 + 4.3
60 4 a 5.92  10.09 - 7.6 25 60 5 a4 6.87 8.31 + 0.9
53 4 40 5.74  11.34 -17.2 30 55 15 40 6.6 £.97 - 6.6
35 5 15 40 6.59 10.44 - 8.7
89 6 40 6.34 7.18 + 4.9
36 6 40 6.49 5.22 +31.7 0 80 20 40 7.60 16.57 40,0
83 6 40 6.96 2.79 +41.5 5 75 20 40 7.9 15.75 -35.9
81 6 a0 6.78 2.98 +39,1 10 70 20 40 7.37 13.19 ~29.23
79 6 40 6.54 3.08 +49,1 15 65 20 40 5.82 11.78 -19.5
7 6 40 6.18 3.49 +45.4 20 60 20 40 6.82 10.66 - 9.7
25 5% 20 40 6.76 9.96 - 8.3
93 7 4 7.41  14.23 -27.0 30 50 0 40 6.52 10.08 - 6.9
35 45 20 40 6.76 .63 - 5.9

~
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1ABLE 43. RIGIDITY MODULLS (G), THERMAL-EXPANSION COEFFICIENT (o), AND THERMOELASTIC COEFFICIENT (g)
FOR Cu-Fe-Cr-Ni ALLOYS{62)

Composition, % G, ka/cm? o g
Specimen Co Fe Cr +Ni (20 G) (10~50 C) (20~ 50 C)
x 109 x 1076 x 10-5
316 44(23.8)(3)  53(40.8) 3( 2.3) 30(23.1) 5.48 10,65 - 3.2
338 36(27.7) 51(39.2) 13(10.0) 30(23.1) 6.61 8.10 -~ 0.3
% 343 30{23.0) 56(43.1) 14{10.8) 37,.23.1) 6.59 7.19 + 4.8
3 344 41(31.5) 45(34.6) 14( 10.8) 10(23.1) 6.37 9.04 - 3.5
¥ 347 33(25.3) 50(38.5) 17(13.1) 10(23.1) 7.1 9.22 - 5.0
i 321 21(16.1) 73(56.2) 6( 4.6 50(23.1) 5.88 1.86° +76.4
' 402 4( 2.8) 95( 68.6) o{ 0.0) 40(28.6) 6 40 9.11 - 4.6
E 430 21(22.1) 65( 46.4) 4( 2.9) 40(28.6) 5.75 8.9:1 - 0.9
& 433 5 3.6) 89(63.5) 6 4.3) 40(28.6) 6.32 7.18 + 4.9
E' 448 3( 2.1) 87(62.2) io( 7.1) 40(28.6)  7.00 12.81 + 2.5
z 456 30(21.5) 60(42.8) 100 7.1} 40(28.6) 6.26 9.00 - 2.9
i 467 20(14.3) €3(45.4) 15( 10.7) 40(23.6) 6.77 8.09 + 4.3
% 468 25(17.4) 60(42.8) 15(10.7) 40(28.6) 6.87 8.31 + 0.9
3 416 1307 .9) 87(62.1} 2( 1.4) 40(28.6) 5.92 0.54 +78.3
z
; (3} The compositions in parentheses show those in the quaternary system.
#
£ X X
; TABLE 44. [7G.DITY MODILUS (G), THERMAL-EXPANSION COEFFICIENT («), AND THERMOELAS)IC CUEFFICIENT (g)
OF 5OME Co-Fe-Cr-Cu ALLCYS(62)
G, , G,
3 c s n % xg/emt o g Compositior, ¥ kg/cm? g
¥ Co Fe Cx Cu (20 ) (100 C) (20050 C)  Co Fe Cr Cu (20 0C) {10050 ) (200 C°
A x 105  x 1076 x 10-5 x 105 x 1076 x 10~9
¢ 5) 45 ! 5 6.82 .49 -~ 7.5 52.5 33 9.5 5 6.24 5.87 + 4.2
i 52.5 42.% 0 5 — 10.18 —
M 5% 40 o ) -_— 10.17 — 40 45 10 5 7.72 10.50 -35.8
70 25 o 5 6.77 11.59 =35.6 43 40 10 5 7.48 10.60 -45.2
50 35 10 5 6.91 6.40 + 3.0
4p 53 2 5 — 10.09 - 52.% 32,5 10 5 6.57 5.55 +10.0
45 48 2 5 — 9.71 — 55 3n 10 5 6.50 6.38 + 3.8
47.5 5.5 2 5 -~ Y .GO - 56 29 10 5 6.82 7.60 - 6.8
20 43 2 5 - i0.12 - &0 25 10 5 5.97 10.23 -23.0
£9.3 RI) 5 - 10.30 ——
& 38 2 5 - 10.19 - £2.5 31.5 11 5 8.26 7.23 - 1.4
. 33 2 5 7.82 10.51 ~22.0
45 37.5 12.5 > 8.0, 16,72 ~40.v
45 45 5 5 8.88 10.32 -24.5 %0 22.5 12,5 & e, 12.27  ~18.%
50 40 5 5 7.36 10.30 -25.4 £g 27.5 12.5 3 7,76 .15  =10.0
55 35 5 5 7.21 10.86 -32.9
65 25 5 5 6.97 11.62 =25.5 40 40 15 5 8.33 17.38  -46.2
45 15 5 8.69 16,72 ~37.9
52.5 35 7.5 & 7.18 9.93 -42.3 30 15 ) 8.29 15.76  =39.3
55 . 15 5 8.43 14.42 ~75.3
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LE 45. RIGIDITY MODULUS (G), THERMAL-EXPANSION CNEFFICIENT (o), AND THERMOELASTIC COEFFICIENT (3)
FOR SOME Co-Fe-Cr—Ci ALLOYS(65)

G,
Composition, ¥ kg/cm? o 9 .
Fe Cr o 20 C) (10~50 C) (2050 _C:
x 10% x 106 x 10™5
52.5 33 9.5 5 6.24 5.87 + 4.7
50 35 10 5 6.91 €.40 + 3.0
55 30 10 5 6.58 6.38 + 3.8
2.5 31.5 11 5 8.26 7,23 - 1.4
52.5 32.5 10 5 6.57 5.55 £10.0
TABLE 46. RIGIDITY YODULUS (G), THERMAL-EXPANSION COEFFICIENT (a), AND THERMOELASTIC COEFFICIENT {g)

OF SOME Co-Fe-V-Ni ALLOYS(65)

G, G,
Compgsition, ¥ kq/cm2 o q Compo kg/cw? @ g
Co Fe v Ni (20 C) (1040 C) {20~850 C) Co Fe V Ni (20 C) (10~50 C)} (20~50 C)
x 105 x 10-6 x 10-5 x 109 x 10-6 x 10-6

30.0 48.0 2 20 4.62  13.69 -35.5
32.5 5.5 2 20 5,43 13.09 +16.1 27.5 44.5 8 20 6.29 6.74 +28.1
35.¢ 43,0 2 20 5,13 12.11 +14.5 32.5 39.5 8 20 6.72 8.64 +13.0

35.0 37.0 2 20 6.92 10.01 + 5.6
20.0 5.0 4 = 5.15  13.81 -34.5 37.5 34,5 8 20 6.96 11.07 - 3.5
25.0 31.0 4 53 5.84 13.58 -20.6 42.5 29.5 & 20 7.11 12,41 -15.0
27.% 48,5 4 20 5.24 6.99 +44.,2
30.0 4.0 4 20 4,59 8.28 +46.6 2.5 48.5 6 20 5.77 6.76 +22.6
35.0 41.0 4 20 5,34 11.56 + 4,0 30.0 410 9 20 6.99 8.33 +20.3
40.0 36.0 4 20 5,28 13.08 -11.2 35.0 360 9 0 7.04 10.18 + 2.8
45.0 31.0 4 20 6.07  13.64 -31.9 4.0 3i.0 9 20 7.2 11.79 - 9.7
51.0 25.0 4 20 7,08 13,57 ~43.5 45.0 26.0 9 20 7.69 13.55 -21.C
15.0 0.0 5 20 £.3% 13,61 -31.1 5.0 55.0 10 20 7.20 %0.37 ~42.9
AR 52.5 5 20 7.64  12.04 + 6.4 20.0 %0.0 10 20 7.%0 14.30  ~1l.8

25.0 45.0 10 20 7.39 '5.76 ~16.4
27.% 46.5 6 20 5.48 5.44 +33.1 32.5 37.5 10 20 7.32 10.85 - 0.9
32.% 415 6 20 5,75 9.70 +26.4 7.5 32,5 10 20 7.34 i1.34 - 9.1
7.5 3.5 6 20 5.00 11.60 - 3.8 2. 27,5 10 20 7.73 12.94 -18.2
42.5 31.5 5 20 6.62  13.90 -20.3 45.0 25,0 10 20 7.83 13.20  -30.3
47.5 26.5 6 20 7.57 14.63 -29.7

27.5 40.5 12 20 8.19 14.41  -14.7
15.0 58.6 7 20 6.80  20.13 -38.7 30.0 38.0 12 20 7.32 10.69 - 1.1
20.0 53.0 7 P 6.25 7.17 +28.5 35.0 33.0 12 x 7.88 11.97 - 9.4
22.5 0.5 7 % 6.01 5.02 +50.5
25.0 48.0 7 2 6.11 4.24 +31.8 20.0 47.0 13 20 7.64 19.61 -43.2
30.0 43.0 7 20 6.10 7.82 +23.8 25.0 42.0 13 0  7.62 19.75  -29.0
32.5 .5 7 20 6.12 9.1 + 6.4 30.0 37.0 13 20 7.8 18.63  =30.6
5.0 38.0 7 20 6.39 10,73 + 2.9 23,0 32.0 13 20 8.16 13.50 -16.4
37.% 3_.5 7 20 6.58  11.0% - 0.6 4.0 27.0 12 20 7.9% 14.07 -23.8
40.0 33.0 7 20 6.70  11.78 )
45.0 28.0 7 20 7.40 15.11 -17.4 15.0 50.0 15 20 7.74 18.41 -46.6
48.0 25.0 7 20 7.24 1114 -25.3
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TABLE 47. RIGIDITY MODULUS (G), THE;MAL-EXPANSION COEFFICIENT (o), AND THERMOELASTIC COEFFICIENT (g)
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OF SOME Co~Fe-V-Ni ALLOYS(66

Compositio kg/cm2

G,

G,
« g _Copposition, ¥ kg/em? o g
(20 C) (10.% C) (20~50 C) Co Fe v Hi (20 C) (10~50 C) (20~80 C)

a2l
o
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e

. e D)
NPOOoUOWwm

P 1=t b
1O O-JONNO
.

W wN
mowu
« o v
[« Ne el

)

P A 4 b v NN R = =
u-8~qu~m~luvo &§Q(»n58-4u>o-4u1w
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x 105  x 10-6 x 10~5 x 105 % 106 x 10-5
68.0 2 30 6.89 = 17.96 ~16.5 34,0 30.0 6 30 6.83  15.93 -22.9
65.5 2 30 6.54 9.25 +25,3
63.0 2 30 5.97 5.11 +50.5 2.5 59.5 8 30 6.82 18.70 -29,7
60.5 2 30 5.46 1.86 +78.2 7.5 54.5 8 30 7.04  16.69 -10.5 ;
58,0 2 30 5.32 2.57 +71.7 12.5 49.5 8 30 6.50 9.98 + 5.6 §
53.0 2 30 5.20 7.30 +36.5 15.0 47.0 8 30 6.21 9.7% +13.3 i
50.5 2 30 5.38 9.98 +17.6 17.5 44.5 8 30 6.67 11.08 +12.2 5
45.5 2 30 5.50  12.38 + 1.1 20.0 42.0 8 30 6.79 9.61 + 8.6 5
43.0 2 30 5.73  13.47 - 5.6 22,5 39.5 8 30 6.84 11.29 -~ 1.4 1
38,0 2 30 6.08  13.94 -15.1 25.0 37.0 8 30 6.86  12.02 - 1.7 :
33.0 2 30 6.22  15.54 ~19.5 27.5 34.5 8 30 6,10 11.92 + 0.7 i
32.3 30,0 8 30 6,11  15.25 - 9.3
63.5 4 30 5.24 2.11 +72.5
61.0 4 30 6.14 6.44 +27.2 0 60.0 10 306 7.37  22.63 -34.0 :
58.5 4 30 5.68 5.57 +41.5 50 35.0 10 30 8.00 18.60 -23.6 :
56.0 4 30 5.69 4.36 +53.5 15.0 45.0 10 30 §.85  12.43 + 1.4 .
53.5 4 30 5.84 6.17 +56.9 20.0 40.0 10 30 7.08 11.63 - 0.7 ;
48.5 4 30 5.65 8.61 +25,5 25.0 35.0 10 30 7.25 12.28 - 6.7
46.0 4 30 5.84 12,03 + 2.8 30.0 30.0 10 30 7.36 16.84 -22.5
43.5 4 30 5.77  12.27 - 0.3
41.0 4 30 6.00  12.01 - 4.4 2.5 5.5 12 30 7.18  20.22 -30.6
38.5 4 30 6.12  12.05 -13.7 7.5 50.5 12 30 7,38  18.45 -23.3
36.0 4 30 6.44  13.26 -17.6 12.5 45.5 12 30 7.70  13.25 -17.6
17.5 4¢.5 12 30 7.37  16.77 -18.6
64.0 6 30 7.04  23.20 -35.8 22.5 35.5 12 30 7.88  13.22 -10.1
59.0 6 30 6.60  14.82 24,3 28.0 30.0 12 30 7.97 12,94 -18.1
56.5 6 30 6.%4 9.06 + 4.3 35.0 23.0 12 30 — 16.95 -
51.5 6 30 5.87 7.13 +33.0
9.0 6 30 6.20 7.30 + 8.9 0 55.0 15 30 -~ 21,03 -
46.5 6 30 6.12 9.58 +17.6 5.0 50.0 15 30 7.11  20.70 -32.2
44.0 6 30 6.24 .82 + 8.0
39.0 6 30 6.60  11.86 - 7.8

|
|
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TABLE 48. RIGIDITY MODULUS (G). THERMAL-EXPANSION COEFFICIENT (@), AND THERMOELASTIC CUEFFICIENT (g)
OF "MOELINVARS", Co-Fe-Mo-Ni ALLOYS(55)

G,
Composition, % kg/cm? p g
Co Fe Mo NL (20 C) (20~50 C) (20~50 C}
x 105 % 10-6 x 10~
57.5 27.5 15.0 0.0 6.99 +7.54 -2.3
50.0 32.5 7.5 0.0 7.50 +9,57 -0.2
45.0 5.0 10.0 10.0 6.27 +8.47 0.7
40.0 35.0 15.0 10.0 g.14(2) +7.06 +3.3
26.0 55.0 5.0 20.0 7.7% +7.00 +4,2
3.0 35.0 10.0 20.0 6.81 ~a.58 -3.7
25.0 40.0 15.0 20.0 7.53 +7.49 +4.7
3.0 35.0 15.0 20.0 7.34 +8.74 +3.0
2.0 40.90 20.0 20.0 7.85 +8.40 +0.9
20.0 43.0 5.0 30.0 5.98 +8.68 +0.9
5.0 50.0 15.0 30.0 7.59 +8.88 -1.2
10.0 45.0 15.0 30.0 g8.00l 8) +9.78 0.4
15.0 40.0 15.0 30.0 7.20 +8.55 -2.6 .
5.0 45.0 20.0 30.0 7.41 +9.11 2. s

Small temperatu-e coefficients of modulus and large rigidity medulus. ’
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§ TABLE 49. RIGIDITY HODULUS (G), THERMAL~EXPANSION ODEFFICIENT (a), AND THEIMOELASIIC COEFFIGIENT (g)
; OF Co-Fe-Cr ALLOYS WITH AN ADDITION OF 20 PERCENT OF NICKEL{63) 3
i =
g !
: 7
* 4
§ __Composition, ¥ ko/em2 @ 9 . GCaposition. ¥ _ kg/a? o g 3
g. Co Fe Cr__ +Ni (20 €) {(10~0 C) (20~50 C) Co Fe  Cr _ +Ni (20 C) (10~%0 C) (20~50 C) g
;% x 105 x 1076 x 10-% x 109 x 106 x 105 3
: 20 80 6 20 6.86  10.46 -27.1 43 a7 10 20 7.39 7.81 + 3.5 k!
B 30 70 0 22 7.86 10.87  -26.9 45.5 44.5 10 20 7.53  7.77 - 6.2 “ 1
Y a3 57 0 20 6.09 11,08 -24,7 % 40 0 20 6.44 9.41 -13.6 :
% 55 45 0 20 5.51  11.52 -i6.5 55 3 10 20 6.48  10.57 -18.8
B €0 40 0 20 5.99  12.05 -24.7 €0 B 10 20 6.6 12.00 -24.9
E 6% 35 0 20 6.14  12.37 -26.9 :
E 20 67 13 20 7.64  17.62 -43.7 :
4 28 68 a 2 6.84  11.66 -29.0 23.5 63,5 13 20 7.44  16.23 -37.1 L
. 33.5 62.5 4 20 6.85  11.35 -31.0 26.5 60.5 13 20 7.00  13.40 -22.6 :
3 36 60 4 20 6.20  10.65 -23.3 29 58 13 20  6.82  10.47 + 4,1
: a1 55 a 20 6.36 9.22 -25.4 31.5 55.5 13 20  6.96 7.66 +11.6
4 43.5 52.5 4 20 5.94 8.61 +15.1 s 53 13 20 7.26 6.88 + 8.3
< 46 50 4 20 6.04 8.2l + 7.8 36.5 5.5 13 20 6.9 5.95 +20.4
48.5 7.5 4 20 5,88 8.87 - 4. 39 48 13 20 7.42 6.17 + 9.7
» 53 a3 4 20 6.27 1L.m -18.8 41.5 45.5 13 20 7.78 7.72 + 0.8
58 38 4 20 6.29  11.95 -22.1 44 43 13 20 6.82 7.79 - 2.8
: 60.5 35 4 2 6.11  11.75 -25.4 46,5 40.5 13 20 6.89 8.34 - 8.7 .
. 52 3B 13 20 7.02 9.64 -16.6
24 69 7 20 5.04  11.02 -33, 56 31 13 20 7.06 10.80 -23.0
29.5 63.5 7 20 5.15 9.25 -10.4
32 61 7 2 5.0 /75 + 0.3 25 3 16 20 8.03  16.40 -38.4
34.5 58.5 7 20 5.80 3.23 466,0 27.5 36.5 16 20 7.85  16.20 ~36.5
37 56 7 2 6.15 5.79 +37.4 30 % 16 20 7.86  14.68 ~35.0
39.5 53.5 7 20 6.69 6.82 26,1 32.5 51,5 16 20 7.96  13.41 -23.6 |
44.5 8.5 1 6.79 9.48 + 2.9 35 a4 16 20 7.91 s. - 3.6
a7 46 T X 5.76 3.18 -9.3 37.5 2.5 16 20 7.42 3.51 - 7.1
49.5 43,5 7 2¢ 7.04 9.76 -~ 9.4 & 44 1é 20 7.12 9.59 - 4.7
53 40 7 20 6.02  10.77 -11.5 2.5 415 16 20  7.3% 8.92 - 0.6
59 34 7 20 6.29  11.03 -24.8 45 3% 16 2/ 7.44 8.93 + 1.3
7 37 3 20 7.03 3.99 - 4.2
30 61.5 8.5 20 6.16 2.04 +34.0 5 3 16 20 7.33 9.62 -11.2
31.3 6.2 8.5 20 6.09 1.69 435 .3 54.5 29.5 16 20 7.36  16.54 ~14,5
31 50 9 20 €.24 2.38 +39.0 20 61 19 20 B.04 16,84 -50.8 i
26 85 19 20 8.32 5.98 —44.% j
20 70 10 2 7.39  17.91 -43.4 28,5 32.5 19 20 8,18  15.70 -40.7
22.5 67,5 10 20 7.20  16.18 -26.0 31 50 19 20 7.88  15.31 -35.6
25 65 10 20 7.30 12,01 -19.6 36 44 19 20 7.87  14.61 -39.5
28 52 10 20 7.03 5.57 +19.6 41 40 19 20 8.36  14.09 -41.8
30.5 59.5 1 20 6.70 3.73 +36.2 43,5 37.5 19 20 71.58  12.22 ~22.%
33 57 1 0 7.62 3.88 +31.6 46 3m 19 20 7.62  12.33 -21.1
35.5 54,5 10 20 6.70 4.91 +24.0 0.5 30.5 19 20 7.16  10.86 - 4.7
38 52 10 2 6,98 5.98 + 9.3 £5.5 25.5 19 20 7.73  12.39 -14.4
40.5 49,5 1 % 6.81 6.41 + 9.9
i

LR L RPN
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TABLE 50. RIGIDITY MODULUS (G), THERMAL-EXPANSION CORFFICIENT (o), AND THERMOELASTIC COEEFICIENT (g)
OF TERNARY Co-Fe-Cr ALLOYS(51)

¢
£
&
i
3
i
:
g
H
}j‘
N
3

e ComPOSitione X kg/cm2 @ g
Co Fe Cr (20 C) (20~60 C) (20~80 C)
x 1073 x 10-5 x 10=5 :
60 40 0 7.00 9.6 ~18.9
65 35 0 7.66 9.6 -23.0
75 25 0 7.18 10.5 -34.3
80 0 0 £.71 1i.7 -37.0
90 10 0 6.52 11.7 ~22.2
50 45 5 9.34 9.3 -22.1
55 A0 5 9.09 9.5 ~25.7
65 30 5 7.01 9.6 -29.8
70 25 5 6.48 9.7 -33.7
75 20 5 6.67 10.7 -33.4
80 15 5 6.77 10.5 -39.3
85 10 5 7.58 11.4 -39.2
55 37 8 7.28 6.0 +23.4
57 35 8 7.20 3. +17.9
60 32 8 6.55 6.6 - 2.5
65 27 8 5.92 8.0 «17.5
54 36.5 9.5 7.35 2.1 +35.9
50 40 10 7.03 12.0 ~44.8
51.% 38.5 10 7. 8.7 -31.5
53 37 10 7.65 0.2 +1l.4
55 35 10 7.24 1.4 +28.9
57 a4 10 6.98 3.8 +17.6
57.5 32,5 10 6.94 3.5 +10.1
58.5 31.5 16 7.11 5.4 + 5.
€0 30 X 7 04 5.1 - 0.2
5 25 i .97 7.5 -17.2
7 20 10 7.14 8.8 -26.1
™ 15 iC 7.34 9.5 -28.9
80 10 10 7.53 13.5 ~31.9
51 37 12 8.41 13.1 -42.9
55 33 12 8.30 12,4 -23.0
57 31 12 8.09 6.0 + 6.5
53.5 29.5 12 7.74 6.0 + 1.0
¢ €0 28 1 7.44 7.6 - 4.3
63 5 12 7.39 7.8 -12.3
65 23 12 7.78 2.0 ~16.0
£ %0 35 15 8.57 16.0 -49.8
$ 52.5 32.% 15 8.31 15.6 -42.7
§ 55 30 15 8.42 15.4 -24.8
3 60 2% 15 8.16 14.0 - 0.9
g 65 20 15 8.09 9.5 ~30.1
: 70 15 15 8.21 16.2 -37.0
t
H %0 30 20 §.12 16.3 -45.4
¢ 60 20 20 8.75 1 -44,7

P
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TABLE 51. RIGIDITY MODULUS {G), THERMAL-EXPANSICN COEFFICIENT (qz, AND THERMOELASTIC COEFFICIENT (g)
FOR CoFe~Y-Ni ALLOYS CONTAINING 9.1 PERCTNT OF NICKEL(66) £
:
G, G, 4
Composition, % kg/cm? o g Composition. % kg/cm @ 9 £
o Fe v Ni (20 C) (10~80 C) (20~80 C) Co Fe v N (20 C) (10~80 C) (20~80 C) g
x105 x 106 x 10°5 x 15 x 106 x 10-5 %
29.1 61.8 0 9.1 8.70 10.53 -25.3 4.9 42.7 1.3 9.1 5.84 4.38 +42.9 j
38.2 5.7 0 9.1 B.4v 10.57 -20.8 42,7 40.9 7.3 9.1 5.72 7.59 +30.3 3
43.6 47.3 0 9.1 7.98 11.05% -21.6 45,4 38,2 7.3 9.1 5.6} 8.59 +20.5 1
50.9 4.0 0 9.1 7.58 11.06 -25.4 47.3 36.3 7.3 9.1 5.84 8.55 +16.0 3
54.6 36.3 0 9.1 7.02 10.92 -27.9 50.0 33.6 7.3 9.1 6.2 10.80 + 4,8 K
1 58.2 32.7 0 9.1 7.02 3.91 24,7 54.5 29.1 7.3 9.1 7.13 12.61 -22,1 i
A 63.6 27.3 0 9.1 6,35 11.78 ~33.6 b
" 68.2 22.7 O 9.1 6.28 12.55 -33.4 40.9 41.8 8.2 9.1 6.63 7.72 +15.3 :
43.6 39.1 8.2 9.1 6.49 6.89 +19.1 |
2 52.7 35.5 2.7 9.1 7.00 13.16 -35.6 45,5 37.2 8.2 9.1 6.21 7.48 +22.0 :
¢ 47.3  $5.4 8.2 9.1 6.22 8.50 +16.5
: 31.8 54.6 4.5 9.1 7.50 10.94 -30.4 49.1 33.6 8.2 9.1 6.02 9.88 -+ 8.1
3 36.4 5.0 4.5 9.1 7.32 10.87 -33.3 5.9 31,8 8.2 9.1 6.83 10.98 + 1.0
40.9 45.% 4.5 9.1 7.10 13.60 -36.4
45.5 40.9 4.5 9.1 6.80 14.00 -37.7 31.8 5.0 9.1 9.1 6.63 19.79 -48.6
0.0 36.4 4.5 9.1 5.29 12.19 - 2.1 36.3 45.5 9.1 9.1 6.85 19.27 -41.0
51.8 34.6 4.5 9.1 5.50 11.92 -10.1 40.9 4U.9 9.1 9.1 6.85 14.30 -15.0
54.6 31.8 4.5 9.1 5.80 11.49 -10.3 43.6 38.2 9.1 9.1 6.89 7.81 +16.3
59.1 27.3 4.9 9.1 6.61 14.07 -26.1 45.5 3.3 9.1 9.1 7.21 10.27 +13.0 !
5.0 31.8 9.1 9.1 7.08 10.57 - 4.4
36.3 48.2 6.4 6,1 7.00 14.28 -38.3 54.5 27.3 9.1 9.1 7.60 13.45 -15.6
39.1 5.4 6.4 9.1 6.79 13.97 -36.9
40.9 43.6 6.4 9.1 6.66 10.48 -33.3 45,5 34.5 0.9 9.1 8.37 17.33 -27.3
43.6 4.9 6.4 9.1 5.74 4,23 +36.4
45.4 39.1 6.4 9.1 5.62 7.38 +22.9 31.8 46.4 12,7 9.1 7.93 20.43 -36.3
48,2 36.3 6.4 9.1 6.04 7.48 +11.4 36.4 41.8 12.7 9.1 8.44 19.05 -43.4
50.0 34.5 6.4 91l 5.91 10.93 + 2.5 40.9 37.3 12.7 9.1 8.40 20.25 -39.3
52.7 31.8 6.4 9.1 6.25 10.8% - 9.3
45,5 31.8 13.6 9.1 7.96 19.78 -39.4
38.2 45.4 7.3 9.1 6.C3 13.88 -35.9 %0.0 27.3 13.6 2.1 8.35 11.60 -25,1
TABLE 52. RIGIDITY MODULUS éc) THERMAL-EXPANSION GOEFFICIENT (v ), AND THERMOELASTIC COEFFICIENT (g)
OF Fe-C -V ALLOYS(S J
Compesition{a) G, G,
i kg/cme o g Comnesition, ¥ kg/cm? c g
Co vV (20 Q) {16~50 C) {2050 C) Co v {20 C) { 10~80 C) {20~50 C)
x 10° x 10~6 x 10-5 x 109 x 10-6 x 10-5
6 0 7.00 9.57 -18.9 65 8(7.9) 6,81 9.95 -12.3
65 0 7.66 9.72 -23.0 70 8(7.7) 7.05 11.36 -24.8
750 7.19 10.72 -34.3
80 © 6.71 11.7% -37.0 5 9(9.2) 6.53 9.9 -11.4
56 9{8.7) 6.32 3.94 +31.5
55 5(5.0) 8.08 9.81 ~-27.1 58 9(8,7) 6.22 3.96 +26.9
60  5(5.1) 7.63 10.18 -28.6 60 9(8.8) 6.14 6.12 +11.5
5 5(4.7)  7.03 10.48 -38.2 62 %(8.7) 6.46 8.74 ~ 4.3
70 5{8.1) 5.76 10.64 -24.4
75  5(5.0) 6.7} 11.02 -32.3 50 10(9.9) 6.96 11.86 -37.4
55 10(10.0)  7.06 12.06 -27.1
5 7(6.8) 7.18 10.06 -34.1 56 10(10.1)  7.27 14.29 -35.9
58 7(6.9)  6.94 10.30 ~36.5 58 10(10.0)  6.42 5.34 +15.8
60 7(7.0) 6.77 10.10 ~38.R &0 10010.2)  6.66 8.07 - 0.0
62  7(6.4) 5.94 9.3% - 4.1 65 10(9.9) 6.72 9.84 ~14.9
63  7(7.0) 5.40 B.52 - 6.7 70 10(10.1)  7.70 11.63 -25.8
65 7.0}  6.06 9.24 -13.8
68 7(7.1) 6.09 9.96 -~20.4 56 11{11.3) 6.64 15.60 -45.4
%8 11{11.3)  7.26 12.5% -21.0
52 8(8.1) 7.51 9.98 -34.2 60 1(11.1)  7.77 10.70 ~15.8
55  8(7.9) 6.94 9.82 -33.1
57 8(7.8) 5.93 9.11 ~32.7 65 12(12.2)  7.99 11.20 ~28.9 ’
59  8(8.,0) 5.94 6.06 +15.1
61 8(7.9) 5.78 7.77 + 0.5 55 13(13.1) 8.46 14.62 -~43.4
63  8(7.9) 6.77 £.56 ~ 1.6 60 13(13.2) 7.68 12,80 ~30.0

’

{a) Balance iron.
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TABLE 53. YOUNG'S MODULUS (E), THERMAL-EXPANSION
COEFFICIENT (o), AND THERMOELASTIC
COEFFICIENT (e) OF SOME Co-Fe-Cr
ALLOYS(54) K
;
¥
Speci- Composition, ¥ E, o % : :
men Co Fe Cr kg/em?2 200C 00 C ;
x 105 x 1076 x 10-5 §
1 60 40 0 - 9.6 -22,5 :
2 65 35 0 19.5 9.6 -19.5 ;
3 75 25 0 18.3 10.5 -22.2 i
4 80 20 0 16.7  11.7 -29.5 ‘
5 % 10 0 9.9 11.7 -35,1 :
6 50 4% 5 21.6 9.3 -21.0
7 55 40 5 23,1 9.5 -23.1
8 65 30 5 19.6 9.6 ~26.7
9 70 25 5 17.4 9.7 -28.7
10 7% 220 5 18.3  10.7 -33.0
11 80 15 5 19.7  10.5 -33.4
12 85 10 5 19.7  1l.4 -34.6 ;
13 55 37 8 18.0 6.0 + 5.5 '
14 57 3% 8 16.0 3.1 + 1.7 TABLE 54. RIGIDITY MODULUS (G), THERMAL-EXPANSION
15 60 32 8 14.9 6.6 -12.4 COEFFICIENT (@), AND THERMCELASTIC
16 65 27 8 17.4 8.0 -21.7 COEFFICIENT (g) FOR VELINVARS(55)
17 54  36.5 9.5 16.4 0.1 +28.3
G,
P O P v I vy LT e o
20 53 37 10 17.1 0.2 +32.0 men  Co, X % (200) 100
21 5 3% 10 - 1.4 +29.2 x 105 x107® x 1075
22 57 33 10 17.5 3.8 + 9.6 14 63 7(7.0) 5.40 8.52 - 6.7
23 57.5 32.5 16 16.7 3.5 + 1,2 21 61 8{7.9) 5,78 7.77 + 0.5
24 58.5 31.5 10 17.6 5.4 + 4.1 22 63 8(7.9) 6 77 8.56 - 1.6
25 60 30 10 17.4 5.1 -15.5 29 62  9(8.7) 6.46 8.74 - 4.3
26 6 25 10 .d.5 7.5 -19.8 34 60 10(10.2) 6.66 8.07 - 0.03
27 70 20 10 18.1 8.8 -26.4 26 56 9(8.7) 6.32 3.94 +31,5
28 75 15 10  18.4 9.5 -27.9
29 8 10 10 - 13.5 -31.9
30 51 37 12 -- 13.1 - 5.1
31 51.5 36.5 12 20.8 12.0 +60.4 '
32 55 33 12 18.6  12.0 +37.0
33 57 31 1z 19.5 6.0 +25.8
34 58.5 29.5 12 19.6 6.0 + 4.4 '
35 6 28 12 - 7.6 - 2.4 .
36 63 25 12 19.4 7.8 -9.9 i
3 37 65 23 12 19.8 8.0 -16.2
A
38 52.5 35  12.5 18.7  13.0 +30.3 ;
]
39 56 35 15 21.3  16.0 -36.4 i
40 52.5 32.5 15 - 15.6 ~34.1 .
41 55 30 15 19.9  15.4 -29.9
é 42 60 25 15 22.3  14.0 -19.6
43 65 20 15 22.2 95 - 8.5 i
§ 44 70 15 15 22,6 10.2 -17.7 i
: 45 75 10 15 24,4 10.3 -21.5
{ 46 5 30 20 18,5  16.3 -53.2
47 60 20 20 16,7 4.8 -36.8
48 70 0 20 16.7 10.5 -33.4

FORL Ry e e -
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TABLE 55, COEFFICIENTS OF LINEAR(«) THERMAL EXPANSION OF HEMICAL ELEMENTS (CRYSTALS)(ao)
Temperature or Coefficient of Linear Thermal Expansion per C
Element Temperature Range, C Parallel to Axuis Perpendicular to Axis
Thermal Exvansion
Osmium + 50 x 10~% x 10-6
250 5.8 4.0
00 6.6 4.6
Rhenium 20 to 1917 8.3 5.8
Ruthenium 50 12.4 4.7
250 8.8 5.9
550 9.8 6.4
Selenium 15 to 55 1.7 7.6
20 to 60 -17.9 -
Tellurium 20 - 4.1
20 to 60 - 1.6 27.2
Thallium 32 to 91 - 1.7 27.0
Tin -195 to 20 *72 9
0 to 20 25.9 14.1
+ 14 t¢ 25 23.0 15.8
34 to 194 32.2 16.8
. Zinc -190 to 3 4.8 2.7
' + 20 to 1 49.5 11.3
! 0 to 2%0 64.0 14.1
20 to 400 56 15
l Zirconium 0 te 100 59 16

Ancimony ~215 to +2J 16.9 7.0

Arsenic 30 to 75 3.2 tn 6.8 -
Beryllium -130 1.6

Cadmiua -190 to 18 18.5

wnh, e -195 to O - 4.8

O to 40 - 6.6

0 to 500 17.2 1.3

0 to luuu 18.¢ 1.8

0 * 1500 20.7 2.0

< ta 300 23.1 2.4

20 te 3 26,7 -

Coorin 37 *0 100 16.1 12.6

Indium - . ' 56 13

+ 23 1 ! 45,0 11.7

Vacr im . to 10C 26.4 25.6

20 t, .0 27.7 26.6

Mercury N0 to =140 42.0 33.4

% St =79 47.0 37.5

; She 49.6 3.5
¢ > [f tnere is ramdy 1 ation of “rvstals in 2 polycrystaiiine olement such zs anti-

o0y or .admiur, the ‘cient of ..-car expansion of t.c coivciystalline element ma,

be ~om ites from the ... wing ejuatior: o = 1/3{afl+ 2¢}i, » ere o] is the coefficient
o! linear oxpansion of ti. -r,st paral to its axis, axd @] is the coefficient of
Jinear expinsion of tne crystal in *he dir. tlon perpendicuiar to its axis,

R~ 3 gy
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previously issued DMIC memoranda may be obtained by writing DMIC.
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