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Summary
This paper is intended to serve as an introduction to Invar for an audience of opto-mechanical
engineers. I wrote this paper as part of a class in opto-mechanical engineering taught by
Professor James Burge at the University of Arizona. A major motivation for writing this
paper was to educate myself on the physical properties and practical aspects of using Invar
and Superlnvar in high precision mechanical systems. This paper should interest those
engineers eager to learn the basics of Invar. I do not claim to be an expert in Invar; in fact
I’ve only worked with Invar on a few occasions and in writing this paper I read a number of
papers on the dimensional stability of Invar and have tried to summarize some of the most

important information here.

The Basics — What is Invar?

Invar is a metal used in applications in which a high degree of dimensional stability under
changing temperatures is desired. It is used in precision mechanical systems in many
different industries and is not limited to opto-mechanical engineering applications. Invar is
actually part of a family of low expansion iron-nickel alloys whose most well known
members are probably

e Invar composed of 64% Fe (iron), 36% Ni (nickel) — also known as Invar 36 or

FeNi36

e Superlnvar composed of 63% Fe, 32% Ni, 5% Co cobalt

» Kovar composed of 54% Fe, 29% Ni, 17% Co
When someone uses the word Invar they most likely mean Invar 36. This paper focuses
mainly on Invar 36 as it is the most common iron-nickel alloy used in opto-mechanical
engineering. Superlnvar is also discussed, but less so, and Kovar is only mentioned a few

times.
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The most valuable property of Invar is its low coefficient of thermal expansion (CTE). At
room temperature it is approximately 1ppm/K, however like most mechanical properties,
CTE varies with temperature. Invar’s CTE is the lowest of any metal (Ref 4 and 5). CTEs of

common materials are shown in Table 1.

Material CTE (x 10°K™)
Metals

Aluminum 23.6
Copper 17.0
Gold 14.2
Iron 11.8
Nickel 13.3
Silver 19.7
Tungsten 4.5
1025 Steel 12.0
316 Stainless Steel 16.0
Brass 20.0
Kovar 5.1
Invar 0.5t02.0
Super Invar 0.3 tol.0

Ceramics
Fused Silica 0.4
BK7 glass 7.1
Borosilicate glass 3.3

Polymers

(Plastics) ~100-200

Table 1. CTEs of selected materials. (Ref 3).

One will note that Invar and SuperInvar’s CTEs are well below the CTEs of the most widely

used metals, aluminum and steel.

From an atomic perspective, thermal expansion is reflected by an increase in the average
distance between atoms. Greater atomic bonding energy in the material will yield a lower
CTE; therefore ceramics with relatively strong interatomic bonding have lower CTEs than
polymers and metals. This is reflected in Table 1. The low expansion coefficient of fused
silica can be explained by a low atomic packing density such that interatomic expansion
produces relatively small macroscopic dimensional changes. For further discussion of

thermal expansion at the atomic level refer to Reference 3.
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The CTE of Super Invar can have near zero CTE with special heat treatment processing, but
this is true over only a very limited temperature range (Ref 9). The slower change of CTE
with change in temperature of Invar 36 may make it preferable to Super Invar in some

applications involving significant temperature changes.

As will be discussed in more detail, the actual CTE of Invar depends on its temperature,

machining history and composition (Ref. 9).

Invar’s low CTE is wonderful for the opto-mechanical engineer who desires to build systems
which are invariant to temperature, i.e. systems which must meet certain performance goals
through changing temperatures. Since the wavelength of light for optical systems in the
visible portion of the spectrum is approximately 0.5um, and system requirements typically
demand that optical elements be held to some tolerance near this value, a structural metal

with a low CTE is of extreme value.

Invar was invented by a Swiss named Charles Edouard Guillaume in 1896 in Paris. In his
pursuit for a low-expansion metal, Guillaume discovered that the CTE of iron-nickel had an

extremely low CTE when its composition consisted of 36% nickel and 64% iron as shown in
Figure 1 (Ref 10).
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Figure 1. This plot shows the CTE of iron-nickel as a function of nickel composition. One
will note that CTE is lowest near 36% nickel. (Ref. 10)
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The word Invar is capitalized because it is a trade name of a French company named Imphy
Alloys. This company originates from a small city near Nevers, France where the alloy was

initially industrialized after its invention. The generic name for Invar® is FeNi36 (Ref. 1).

Most would guess that the name Invar refers to Invar’s invariance to thermal expansion due
to changing temperatures. However, Yoder writes that Invar .. .has a virtually invariable
(hence the name) and low CTE over a limited temperature range (typically 40 to 100 F [4 to
38 C]).” This implies that Invar’s invariance is due to its CTE’s invariance (zero slope) near
room temperature. This can be more clearly seen in Figure 2, which shows a plot of Invar’s

CTE vs. temperature.
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Figure 2. Shows the CTE of Invar (the lower solid curve) vs. temperature. Notice that its
CTE is invariant near room temperature and that its CTE stays very low in the -100 to 200 F
range. (Ref. 10)

Invar looks and feels similar to steel. This makes sense since Invar is a ferrous alloy — one in
which iron is the prime constituent. Ferrous alloys are produced in larger quantities than any
other metal type (Ref 3). Remember that steels and cast irons are iron-carbon alloys (0.25% -
6.7% carbon, majority iron) and as already mentioned Invar is an iron-nickel alloy. Invar
contains from 0.01 to 0.1% carbon. High purity Invar will contain <0.01% carbon (Ref 12).
The carbon content of Invar, along with other “impurities” is a major factor in its temporal
stability and will be discussed in more detail later. Besides iron and nickel, Invar 36 may
contain nickel, cobalt, chromium, carbon, manganese, phosphorous, silicon, sulphur,

aluminum, magnesium, zirconium, and titanium. The exact percentages of these elements in
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Invar will vary depending on the specification and manufacturer. Super-Invar contains about

5% cobalt in exchange for 5% less nickel.

How do the mechanical properties of Invar 36 compare with those of a common structural

metal like 304 stainless steel? Table 2 provides a comparison.

Material Units Invar 36 304 Stainless Steel
Density glem’ 8.05 8.00
Young’s GPa
141 193
Modulus
Poisson’s -
0.26 0.27
Ratio
Microyield MPa
70 >300
Strength
Thermal x10° K~}
Expansion 1 14.7
Coefficient
Thermal W/m K
104 16.2
Conductivity
Specific Heat | W s/kgK 515 500
Specific -
17.5 24.1
Stiffness
Thermal 10° m%/s
2.6 4.1
Diffusivity
Thermal pm/W
Distortion
0.10 0.91
(Steady
State)
Thermal s/m°’K
Distortion 0.38 3.68
(Transient)

Table 2. Mechanical Properties of Invar compared to 304 stainless steel (Ref. 4 and 5)

Overall, Invar is very similar to steel in its mechanical properties. One should note a few

differences between Invar 36 and 304 stainless steel however. Young’s modulus and specific
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stiffness are lower for Invar, microyield strength is lower for Invar, and thermal conductivity

is lower for Invar.

So far so good right? Invar seems like a wonderful metal for applications requiring high
dimensional stability through temperature changes. One should remember however, that
dimensional stability refers to how a part made of a given material changes shape due to
changes in environmental parameter such as time, stress, and/or temperature variation. In
order to use Invar effectively one must be aware of its temporal stability issues as well as its
thermal stability properties. Let’s look in more detail at Invar’s thermal stability and then

we’ll look at its temporal stability.
As can be seen in the CTE vs. temperature plot already shown, and in Figure 3, Invar’s CTE

is only low near room temperature and increases with temperature decreases and increases

from its minimum point.
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Figure 3. Thermal expansion coefficients of Invar and SuperInvar vs. temperature. One will
note that the CTE of SuperInvar closely matches that of ULE and Zerodur, and the CTE of
Invar closely matches that of fused silica. (Ref. 2)

The point here is that CTE is a function of temperature, i.e., CTE(T). When doing thermal
expansion analysis for mechanical systems one should remember that the change in length of

a mechanical part is given by
AL(T)=CTE(T) - L-AT (1)

For most calculations CTE(T) can be taken as a constant, but remember to use the average
CTE over your temperature range. For Invar 36, CTE varies from -0.6 to 3.0 ppm/K between
-70 to 100 C and can be limited to 0.8 to 1.6 between 30 and 100 C by careful control of
material during processing (Ref 13). It is not often that one has to use the more general

formula given by

AL(T) =L j dT CTE(T) 2)

Tl
Eq. 1 is used almost exclusively because variations in CTE are small for most (small)

dCTE(T) E

temperature variations. For larger temperature variations, in regions of high q-2

may be preferred.

Besides the variation in CTE vs. temperature shown in Figure 3, one should note that the
CTE of Invar matches that of fused silica closely, and the CTE of SuperInvar matches that of
ULE and Zerodur. Though not shown, the CTE of Kovar matches that of borosilicate (Pyrex)
glass fairly closely. Kovar was designed to match the CTE of borosilicate (Ref 3).

Now let’s talk about the temporal stability of Invar. Invar expands with age, even at constant
temperature! Its growth over time depends on many factors, the most important are: time
since final machining, carbon content, heat treatment, and ambient temperature (Ref 15).
Figure 4 shows various samples of Invar expanding over time. These samples differ in lot

(composition, batch, and manufacturer) and heat treatment.
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Figure 4. This plot shows the growth of various samples of Invar (of varying lots and heat
treatments) over a 120 day period held at 38 C (100 F). (Ref. 2)

Many studies have been conducted on the temporal stability of Invar (Refs 2, 11, 12 and 15 to
mention a few). These can be somewhat involved and confusing to read (maybe because the
compositions of the Invars used vary between experiments). For next generation systems
such as built by JPL in 1993, these studies yielded great success. JPL obtained possibly the
most dimensionally stable (lowest CTE, plus lowest temporal change) Invar 36 ever produced
(Ref 12). The CTE of this material was 1ppm/K and its temporal stability was 1ppm/year.
This Invar was used for the metering rods in the Cassini imaging system. A major theme in
the JPL/Cassini paper and throughout the literature is that greater carbon content and other
impurities in Invar lead to greater temporal growth. Carbon is the most critical impurity
however. As shown in Figure 5, the growth of the 0.02% carbon content sample was less

than that for the 0.06% carbon content sample by 4 ppm over 300 days.
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Figure 5. Growth of Invar samples as a function of time. The 0.02% carbon content sample
had lower growth (greater temporal stability) than the 0.06% sample. (Ref. 15)

The dimensional stability of Invar can be less than 1-2 ppm/yr. This requires very low

carbon content, <0.02% and is aided by low magnesium and silicon (Ref 4 and 5).

Also of great importance is the heat treatment of Invar. The heat treatment reduces the
temporal growth of the Invar by effectively aging it. Invar’s temporal growth does not
continue on forever at high rates; it tapers off with time and the heat treatment causes the
Invar to age prematurely, thus decreasing its temporal growth. The details of heat treating are

discussed in more detail later.

It is interesting to note in the JPL/Cassini mission that SuperInvar, even though it has a lower
CTE at room temperature and has been shown to have a lower temporal growth in some cases
(see Figure 6), was eliminated as a possible material for the metering rods because of its
highly composition-dependent irreversible phase transformation (Ref 12). What does this
mean? SuperInvar undergoes a phase change at low temperatures, which permanently
destroys its low CTE properties. The temperature at which this occurs is highly composition
dependent. Further, Superlnvar has a highly temperature-dependent temporal stability and
may be difficult to fabricate (Ref. 12). In general, Superlnvar is less common in opto-

mechanical engineering than Invar 36.
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Figure 6. This plot (from Ref. 15) shows that SuperInvar can have greater temporal stability
than Invar 36.

Practical Topics

This section discusses a number of practical topics important to an opto-mechanical engineer

who needs to create drawings and build hardware using Invar.

How much does Invar 36 cost relative to 304 stainless steel? About five times as much
according to one quote obtained by the author from a major Invar vendor (Ref 8). A 100lb, 1

inch round of 304 stainless steel runs $4 per pound, whereas a 1001b, 1 inch round of Invar 36

runs $19 per pound.

Various applications of Invar in opto-mechanical engineering are highlighted by Yoder (Ref.
9) and on the Carpenter Corporation website (Ref 8). Some typical applications include lens
and mirrors cells, interfacing spacers between optics and other structures, metering rods for

telescopes and laser cavity structures.

Being tough and ductile, Invar is somewhat difficult to machine. Most machinists would
agree that Invar is more difficult to machine than steel. Some smaller machine shops may
even shy away from certain Invar jobs if the parts are too complex, tightly toleranced or
require large amounts of material removal. When machining Invar, cutting tools will wear

relatively quickly and cutting speeds will be slow. Thus machining Invar requires more
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patience on the part of the machinist, longer lead-time, and greater cost for the engineer

procuring the part.

Unlike engineering drawings for aluminum and steel parts, Invar part drawings usually
contain a detailed machining/heat treatment procedure. The purpose of this procedure is to
obtain an optimal coefficient of thermal expansion and temporal stability. This machining
procedure usually incorporates the “MIT” or “Lement” heat treatment (Ref 13). A simple

drawing using this heat treatment would specify the following:

1. After machining, anneal by holding part at 830 C for 30 minutes. Cool by water or
polyalkaline glycol quench. (An alternative cooling would be a slow furnace cool,
which gives marginally better stability, but higher CTE).

2. Stress relieve by holding the part at 315 C for 1 hour and then cooling to 95 C and
holding for 48 hours. Air cool.

The above procedure is relatively simple and inexpensive; however, there is a problem with
it: Vukobratovich states that heavy machining, i.e. greater than 100um cuts, may disturb the
heat treatment of Invar and necessitate another heat treatment cycle (Ref. 13). An alternative
procedure to the one above (used for high precision Invar parts) would involve rough
machining close to final dimension (~0.05in), then a heat treatment (not necessarily the one
above), semi-finish machining (~0.0051n), then another heat treatment (different than the
first) and then final machine. These procedures may be proprietary at some companies and

usually vary from part to part depending on the level of precision desired.

Other instructions on the engineering drawing may specify that the material not exceed a

certain temperature and to not magnetically chuck the part during machining. Since Invar is
vulnerable to corrosion it is sometimes plated with nickel or chromium. Also, engineers and
technicians should be aware that a stainless steel screw inserted into a tapped Invar hole may

gall.

Like aluminum and steel part drawing, a material specification is usually specified on the
drawing. There are various compositions and specifications to choose from and the final
determination will depend on the application. One Invar material specification which the

author has seen used for a mirror cell is AMS-1-23011, Class 7, annealed. Another
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specification is ASTM F1684 (UNS K93603). I'm not familiar with the details of these,

however some internet research would likely yield some answers.

The engineering drawing does not usually specify a particular Invar vendor for the machinist
to procure from, but rather imposes a specification. However, by looking over the spec.
sheets of Invar manufacturers one may determine an appropriate specification to place on the
engineering drawing. One manufacturer of Invar 36 is Carpenter Corporation (Ref. 8). Spec.
sheets are available at their website. Their Invar 36 composition is 0.02% carbon, 0.20%
silicon, 0.35% manganese and 36% nickel. This material meets specification ASTM F1684
(UNS K93603). CTE vs. temperature plots are provided along with instructions for heat

treating and annealing.
As shown in Figure 7, Carpenter also sells SuperInvar. These Figures are excerpts from their
Superlnvar 32-5 spec. sheet showing a general description of their Superlnvar and its

composition.

General Information

Description

Carpenter Super Invar 32-5, a magnetic, austenitic, solid solution alloy containing iron,
nickel and cobali, is designed to provide minimum thermal expansion at room
temperatures.

This alloy also exhibits austenite stability to service temperatures at least -67°F (-55°C) and
thermal expansion properties less than those of Carpenter Invar "36"@ alloy (36% nickel-
iron) when used in the -67/203°F (-55/95°C) temperaturs range.

Applications
Applications for Super Invar 32-5 have included structural components for supports and
substrates in optical and laser systems requiring precision measurements.

This alloy has also been used in wave guide tubes and other systems reguiring meials in
conjunction with low expansion glass/quariz assemblies.

Type Analysis

Carbon 0.02 % Manganese 0.40 %
Silicon 0.25 % Mickel 32.00 %
Cohbalt 5.50 % Iron Balance

Figure 7. Composition of Carpenter’s Super Invar 32-5.

Besides providing excellent specification sheets for their Invar alloys, Carpenter also has

some excellent technical articles on Invar. Their titles include (Ref. 8)
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e “Matching Glass and Metal - Thermal Expansion Rates Key to Accuracy of World’s
Largest Telescope”

e “Invar Alloy — There’s Profit to Be Made in Machining this Popular, High Tech
Material”

® “Invar Alloy Resonator Support Structure - Maintain Pinpoint Accuracy in Laser
Technology”

o “After 100 Years, the Uses for Invar Continue to Multiply”

e “Selecting Controlled Expansion Alloys.”

Unfortunately I discovered these late in writing this document and did not incorporate them.

It seems there is a wealth of information in them however.

Another manufacturer of Invar 36 is Allegheny Ludlum (Ref 14). This vendor manufactures
AL 36, which is a nickel-iron alloy, the composition of which is given on the spec. sheet at
their website and partially reproduced in Figure 8. This material meets specification ASTM

F1684 (UNS K93603) as well.

Typical Chemistry (Wt.%) Special Properties

Thermal Expansion Coefficient
C 0.008 (Chemistry selected for application)
] e -400 to 0°C 1.2um/m°C
S 0.001 -200 to 0°C 1.1 pm/m°C
Si 0.15
Ni 36.00 25 to 93°C 0.5-1.1 pm/m°C
Co <0.35 25 to 148°C 0.8 - 1.4 pm/m°C
Mo <0.02 25 to 260°C 2.0-2.7 pm/m°C
Al <0.03 2510 371°C 3.7 - 4.4 pm/im°C
Fe Balance

Data are typical and shouwld not be construed as maximum or minimum values
for specification or for final design. Data on any particular piece of malterial may
vary from those shown herein.
Figure. 8 Composition and CTE as a function of temperature for iron-nickel alloy AL 36
manufactured by Allegheny Ludlum.

A third vendor of Invar is National Electronic Alloys Inc. Their Invar 36 composition is

different from the above two vendors. There are other vendors as well.

The coefficient of linear expansion of Invar alloy (Fe-36 Ni) is very low, which is 1/10th that
of austenitic stainless steel. Therefore, while stainless steel LNG piping requires a mechanism
such as pipe looping to absorb thermal contraction, applying Invar alloy can lead to simple
straight piping, reducing its construction cost significantly.
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Figure 2.9: Prototype Pipe In Pipe (from Invar & SS)
The Invar inner pipe allows fixed bulkheads with no internal bellows
Aerogel insulation in annulus allows low BOG without vaccums
Stainless steel outer pipe provides secondary containment barrier
Can be used onshore above ground or buried, and offshore on the seafloor or buried

Invar, also known generically as FeNi36 (64FeNi in the US), is a Nickel steel alloy notable
for its uniquely low coefficient of thermal expansion (CTE or o). It was invented in 1896 by
Swiss scientist Charles Edouard Guillaume. He received the Nobel Prize in Physics in 1920
for this discovery, which shows the importance of this alloy in scientific instruments. "Invar"
is a registered trademark of Arcelor Mittal, but FeNi36 is also manufactured by Japanese
companies. Like other Nickel / iron compositions, Invar is a solid solution; that is, it is a
single-phase alloy. The name "Invar" comes from the word Invariable, referring to its lack of
expansion or contraction with temperature changes.

Common grades of Invar have a coefficient of thermal expansion (denoted o, and measured
between 20-100 °C) of about 1.2 x 10-6 K-1 (1.2 ppm/°C). However, extra-pure grades
(<0.1% Co) can readily produce values as low as 0.62-0.65 ppm/°C. Some formulations
display negative thermal expansion (NTE) characteristics. It is used where high dimensional
stability is required, such as precision instruments, clocks, seismic creep gauges,
television shadow-mask frames, valves in motors, and antimagnetic watches. However, it has
a propensity to creep. In land surveying, when first-order (high-precision) elevation leveling
is to be performed, the leveling rods used are made of Invar, instead of wood, fiberglass, or
other metals.
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Invar Alloy is a low expansion alloy that exhibits extremely low expansion around
ambient temperatures and is often used where minimum expansion is required. Invar is
a Nickel Iron alloy with 36% Nickel, and the remaining balance Iron. Its minimal
expansion over ambient temperatures makes this alloy useful in many applications
especially where high dimensional stability is required. Some of the applications of
Invar Alloy include:

. Positioning devices

Bimetal thermostats

Advanced composite molds for aerospace industry

Dimensionally stable instruments and optical devices

Containers for LNG tankers

Transfer lines for LNG

Echo boxes and filters for mobile telephones

Magnetic shielding

Small electrical transformers

Metrology devices

Scientific instruments

Temperature regulators

Clock balance wheels

Pendulum clocks

Precision condenser blades

Radar and microwave cavity resonators

Special electronic housings

Seals, spacers, and specialized frames

High voltage transmission lines

CRT applications: shadow masks, deflection clips, and electron gun components

3.1.1.1 INVAR- Different grades:

The Fe-Ni alloys in the Invar range developed by Imphy Alloys feature optimized
chemical compositions in order to achieve the best balance between expansion and the
other properties required by the applications: mechanical properties, weld ability,
structural stability at cryogenic temperature, etc.

Table 3.2 : The content by weight of the principal chemical elements

Grade Ni Co Fe
Invar 36 <04 Remainder
Invar-93 36 <0.2 Remainder
Inovar 36 <0.1 Remainder
Microvar 36 0.25 Remainder
Inovco 36 4.5 Remainder

Table 3.3 : Different Grades of Invar and its CTE value.

Grade Temp. Range CTE
INVAR - 36 om between 20° and 100°C | 1.2 x 10°C"!
( Used for cryogenic applications also)

INVAR-M93 om between —180° and 1.5x10°% C!
(Specially developed for few cryogenic | 100°C
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application - Cryogenic Invar with 1.3x10°% C'
improved weldability) o.. between 20° and 100°C
INOVAR am between 20° and 100°C | 0.65 x 10%° C*
(Invar with low residuals, low
expansion co-efficient)
MICROVAR * o between 20° and 100°C | 0.65 x 10 C!
(Inovar with low cobalt content and
enhanced mechanical properties)
INOVCO * om between 20° and 100°C | 0.55 x 10 C!
(Invar with cobalt, very low expansion
co-efficient and enhanced mechanical
properties)
HARDENED INVAR #* o between 20° and 100°C | 2.75 x 10 C*!
(Invar with elevated mechanical
properties, hardened by precipitation
of the g’-Ni; (Ti, Al) phase)
3.1.1.2 INVAR-36 Grade Properties:
It is also known as Invar 36, NILO 36, Pernifer 36, and Invar Steel.
Table 3.4 : Invar Alloy Physical Properties
Properties Unit Value
Density Ib/cu in 0.291
Specific Gravity 8.05
Curie Temp °C 279
Melting Point °C 1427
Electrical Resistivity Micro-ohm-cm 84
Micro-ohm-cm 495
Thermal Conductivity W/cm °C 0.10
BTU-in/sq. ft-hr- 72.6
Specific Heat Cal/g- °C 0.123
BTU/Ibm- °F 0.123
Thermal Expansion ppm/°F (75°F to 842°F) 4.9
ppm/°C (25°C to 450°F) 8.9
Table 3.5 : Invar Alloy Mechanical Properties
Mechanical Properties Unit Value
Tensile Strength ksi 75
MPa 518
Yield Strength ksi 40
MPa 276
Elongation % in 2 in. 34
Typical Hardness Ann. Rockwell HRB 80
Modulus of Elasticity Mpsi 20.5
kMPa 141
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