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571 ABSTRACT

An INVAR 36 material having long-term dimensional sta-
bility is produced by sintering a blend of powders of nickel
and iron under pressure in an inert atmosphere to form an
alloy containing less than 0.01 parts of carbon and less than
0.1 part aggregate and preferably 0.01 part individually of
Mn, Si, P, S, and Al impurities. The sintered alloy is heat
treated and slowly and uniformly cooled to form a material
having a coefficient of thermal expansion of less than 1
ppm/°C. and a temporal stability of less than 1 ppm/year.

§ Claims, 2 Drawing Sheets




U.S. Patent Dec. 19, 1995 Sheet 1 of 2 5,476,633

14'\/-
'9

| AManmmaawny

J

- t*v
—ngg—
(J- L
ro

SR | 1
1 4
4 1> %
18 ~ §
»
28
A
| RTINS |
26 R A2
Vd
32
34 7 a4 30
‘H —\\‘E -:;.‘i'l}!"A IW ’I
. ' H2
i Ty
Fig.l. § I _TH™
¢ O ot
g. * - A.\' P—\.f‘34
8 I T T T T T T T
4q p— ]
€

a 0

a = -

w -4p— —

(D —

g -

T -8B —

o [ i

I

= -2 ]

o w—

uZJ —

- -6 1
-20+ ]
P I S O S S SN

-53 -33 -13 7 27 47

TEMPERATURE (°C)

Fig. 2.



U.S. Patent Dec. 19, 1995 Sheet 2 of 2 5,476,633

0.5 I I i I T I I T L T T 1 4 3 ] i i i 1 l

0.3} - -
a.=2.79X10./7°C ’

0.2k

I

0.1
2 8IX1077/°¢

-0.1

197 X107 7/°C
-0.2

1

LENGTH CHANGE (ppm)

-7
_o.ak .97 X 10~ 7/°C

H l 1 ] | S— I Il H 1 ! ] L 1 1 1 ]
26 26.5 27 27.5 28
TEMPERATURE (°C)

Frg. 3.

-0.5

LENGTH CHANGE (ppm)
|
o)
D
i
1

—1.1 ] ] ] ] i i ] |
0 20 40 60 80
" TIME IN DAYS

Fig.4.




5,476,633

1

ULTRAHIGH-PURITY DIMENSIONALLY
STABLE INVAR 36

ORIGIN OF THE INVENTION

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the
provisions of Public Law 96-517 (35 USC 202) in which the
Contractor has elected not to retain title.

TECHNICAL FIELD

This invention relates to alloys of iron and nickel and,
more particularly, this invention relates to ultrahigh-purity,
dimensionally stable INVAR 36 materials produced by
powder metallurgy.

BACKGROUND OF THE INVENTION

Long term dimensional stability is required for support
structures in many instruments having optical components
focussed on distant objects. For example, imaging systems
on future space flights such as the Satum-bound Cassini
spacecraft impose very strict requirements on the metering
rods in the camera athermalizing system. The metering rods
move optical elements relative to the camera to compensate
for temperature variation in the system. The next generation
systems represented by the camera to be used on the Cassini
spacecraft use an imaging design having higher performance
goals and which are very sensitive to dimensional errors.
The metering rods must satisfy requirements for very low
thermal expansivity and temporal stability more rigorous
than ever required before.

Not only must the material meet the dimensional stability
requirements, it must also be machineable and have
mechanical strength required for its use. Alloys of iron and
nickel such as Super Invar (Fe-Co-Ni) and INVAR 36
(Fe-36Ni) are known to have remarkably low coefficients of
thermal expansion (CTE) near room temperature. This effect
is believed due to the magnetic properties of the family of
alloys. Though Super Invar has superb dimensional stability
at room temperature, it is not suitable for use as supports in
precision instruments due to its highly composition-depen-
dent, irreversible phase transformation and temperature
dependent temporal stability. It is also very difficult to
fabricate.

INVAR 36 has more practical applications since it is
easier to fabricate and has low CTE over a wide range of
temperatures. The CTE of INVAR 36 has been reported to
vary from —0.6 to 4+3.00 ppm/°C. in the temperature range of
—70° to +100° C. With careful controls, it is commercially
practical to produce INVAR 36 with a narrower range of
CTE values, e.g. 0.8 to 1.6 ppm/°C. in the range of 30° to
100° C. However, the excellent thermal stability of INVAR
36 is not accompanied by isothermal temporal (long term)
stability. Temporal instability values as high as +11.0 ppm/
day at temperatures of 20° to 70° C. have been reported for
Invars of varying composition and subjected to varying
thermomechanical treatments.

Prior studies conducted on commercial Invar alloys indi-
cate that impurities have a pronounced effect on the coef-
ficient of thermal expansion. The thermal expansion is also
affected by thermal and mechanical treatments. Temporal
stability is known to be affected by test temperature, tem-
perature changes, heat treatment and forming operations.
The temporal stability decreases from room temperature to
60° C. in prior INVAR 36 materials. Heat treatment which
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2

is intended to stabilize and/or stress relieve INVAR 36 and
accelerate the aging process may increase or decrease tem-
poral stability. Studies show that commercial INVAR 36
expands with rates varying from 1.5 to 27 ppm/year.

However, conventional Invar alloy production does not
have the necessary controls to produce high purity materials
and, in fact, results in the introduction of impurities during
alloying operations.

In conventional Invar alloy production, such as air or
vacuum melting, antioxidants are added during the melting
operation and refractory materials such as carbon-graphite
can be introduced into the melt from the furnace lining
during melting or from the lining of the ingot mold when the
melt is poured. There is limited chemistry control of com-
mercially produced ingots; chemical composition is only
analyzed during the melt stage. A sample analysis is made
during the melting stage. Adjustments to the alloy compo-
sition are made based on the analysis. There is no final
analysis. The last analysis which is reported as the alloy
composition may not represent the actual composition
throughout the melt.

STATEMENT OF THE INVENTION

Ultrahigh-purity INVAR 36 is produced in accordance
with the invention from very pure starting materials without
the introduction of any impurities. The ultra high purity and
processing conditions ensure a material with both low
thermal expansion and very good temporal stability. The
material is believed to be the most dimensionally stable
INVAR 36 ever produced. Surprisingly, it has also been
discovered that though INVAR 36 produced in accordance
with the present invention has similar tensile properties
when compared to conventional Invar 36, the INVAR 36
material of the invention exhibits better fatigue properties.

The INVAR 36 of the invention is produced by powder
metallurgy. Accurate amounts of pure elemental iron and
nickel powders are separately weighed to portions meeting
the desired Fe/Ni atomic ratio. The powders are blended and
pressed into billet form. The pressed material is sintered at
a temperature of approximately 1370° C. (2500° F.) in an
atmosphere of hydrogen (H,) to form an ultra high purity
INVAR 36 alloy. The composition of the alloy is Ni=36+0.8,
Fe= remainder. The carbon content does not exceed 0.01
atomic percent and other impurities such as Mn, Si, P, S, and
Al are present in an amount less than 0.1% and individually
are present in an amount not to exceed 0.02 and preferably
not more than 0.01 atomic percent of the alloy composition.

The powder metallurgy process utilized in the invention is
a simple and relatively inexpensive manufacturing method.
Composition control is practiced before the alloy is manu-
factured. The elemental iron and nickel powders are care-
fully analyzed prior to sintering. The alloy is prepared from
precisely weighed and blended metals. The exact composi-
tion and purity are assured by the sintering method. The
method insures high purity, cleanliness and precise chem-
istry control. Ultra high purity products are produced having
reproducible high dimensional stability.

The heat treatment to stress relieve and stabilize the ultra
high purity, low carbon content INVAR 36 is much shorter
and simpler. Expansion change in prior materials was a
carbon-dependent phenomenon. Sometimes many years of
natural and artificial aging were necessary to stabilize
INVAR 36 with high carbon and high impurities content.
Also the aging at elevated temperature could result in a
higher length drift rate for previously stabilized commercial
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INVAR 36.

It also has been discovered in accordance with the inven-
tion that a new heat treatment with tightly controlled cooling
rate increases microyield (resistance of material to defor-
mation under applied loads). This heat treatment consists of:

1. Heating sintered ingot to above 1400° F. preferably
1450° E4+25° F. in inert or vacuum atmosphere. Holding the
material at this temperature for at least 10 minutes, prefer-
ably 20-60 minutes for each inch of section thickness.
Uniformly fumace cooling the material at a rate not to
exceed 100° E/hour to a temperature of 300° F. The material
can then be removed from the furnace and is cooled in air to
room temperature.

2. Heating the material to a temperature of from 500°-
700° E, preferably 600°+20° F,, in a protective atmosphere.
Holding the material at this temperature for at least ¥ hour,
preferably 1 hour and uniformly furnace cooling the material
at a rate not to exceed 100° F./hr to 300° E Air cooling to
room temperature is then acceptable.

3. Heating the material to a temperature of from 150°-
300° F,, preferably 200°+5°, in a protective atmosphere and
holding the material at this temperature for at least 24 hours,
preferably 48 hours. Air cooling to room temperature is then
acceptable.

This heat treatment does not decrease dimensional stabil-
ity or tensile/compressive strength. It is designed to develop
the optimum combination of dimensional stability, strength
and microyield for the ultra pure HP INVAR 36 material of
the invention.

In addition to optical mounting systems for spacecraft
instruments, the ultra high purity INVAR 36 of the invention
will find use in low-expansion mandrels, molds for use in
production of low-expansion polymeric composite parts,
stable optical mounts, support assemblies for commercial
laser interferometers, cameras, watch industry, microelec-
tronic packaging, stable mechanical support parts for preci-
sion devices such as computer disc drives, read/write mecha-
nisms, profilometers, commercial satellite instrumentation
such as imaging sensors and devices for surveying weather
or land in the ultraviolet, infrared and visible wavelengths
and other applications in areas of metrology, instrumentation
and precision optical structures.

These and many other features and attendant advantages
of the invention will become apparent as the invention
becomes better understood by reference to the following
detailed description when considered in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a system and process for
producing ultra high purity iron-nickel alloys in accordance
with the invention;

FIG. 2 is a curve of length change vs. temperature;

FIG. 3is an expanded view of the curve of FIG. 2 near 27°
C.; and

FIG. 4 is a curve of typical temporal stability of the
material prepared in Example 4.

DETAILED DESCRIPTION OF THE
INVENTION

The particles of iron and nickel are prepared to a speci-
fication such that the total carbon in the final product does
not exceed 0.01 atomic percent and that total impurities of
Mn, Si, P, S and Al do not exceed 0.10 atomic percent and
preferably, each of these impurities does not exceed 0.02
atomic percent individually, and most preferably below 0.01
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atomic percent.

Referring now to FIG. 1, the dimensionally stable INVAR
altoy of the invention is prepared from ultra pure particles or
grains 10 of iron and particles or grains 12 of nickel. The
ratio of iron to nickel particles is 3630.8% nickel, the
remainder being iron. The size of the particles is usually
from 4 mm to 7 mm. The particles 10, 12 are weighed in
separate containers 14, 16 and are then combined in a
container 18 and blended by a mixer 20 to form a uniform
mixture 22. The mixture 22 is poured into a cavity 24 in an
ingot forming member 26 and pressed by means of an anvil
28 at an isostatic pressure of from 10 to 60 ksi. The particles
sinter and flow together to form an ingot 30. The ingot can
be drawn through a die 32 to form a rod 34. The alloy can
be stress relieved by cold working during the drawing
operation. The ingot 30 also can be stress relieved and
stabilized by heat treatment in an inert atmosphere in an
oven 34.

EXAMPLE 1.

Accurate amounts of iron and nickel particles having a
size of 4 to 7 mm in the exact proportion of 36 parts of nickel
to 64 parts of iron were weighed, blended and pressed at an
isostatic pressure of 35 kpsi, into a billet having dimensions
of 10.16 cmx10.16 cmx137.16 cm (4"x4"x54"). The speci-
fied chemical composition of the INVAR 36 material is:

C=0.01 Mn<0.01 Si<0.01 P<0.01 $<0.01 Al<0.01<Ni=
36+0.8<Fe=Remainder.

The billet was sintered at 1370° C. for several days in a
H, atmosphere. The billet was heat treated to increase
strength and density under conditions to be described later.
The billet was cut into two pieces. One piece was used to
draw rods of 0.79 cm (0.312") diameter and 101.4 cm length
(40") by extrusion. The other piece was hot hammered into
571 cmx26.03 cmx30.48-60.96 cm (2.25"x10.25"%
12-24") slabs.

Chemical analysis of the rod produced in Example 1 was
performed by different laboratories. Results follow in Table
1:

TABLE 1
Ele- Metals Atlas Specialty Desirable
ment Technology Testing Alloy JPL Composition
C 0.01 0.005 0.002 0.01 <0.01
Mn 0.01 0.01 <0.001 <0.004 <0.02
Si 0.04 0.04 <0.01 <0.01
P 0.005 0003 <0.01 0.005 <0.01
S 0.005 0.002 0.003 <0.01
Cr 0.01 <0.01
Al 0.01 <0.01 <0.001 <0.01 <0.02
Se 0.0001 <0.00001
Ni 36/24 36.0 36.0 36.8 36.0+ 0.1
Fe REM REM REM REM REM

The JPL results should be treated as the most reliable in
light of the methods employed.

Specimens of the rod produced in Example 1 were heat
treated before testing for dimensional stability. The heat
treatments were intended to minimize the temporal length
changes by a stress relieving operation and an accelerated
aging cycle before finishing the rod to size and placing it in
service.

EXAMPLE 2

Specimens from the ultra pure INVAR 36 rod produced in
Example 1 were heat treated as follows:
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1. Heat sample to 1450°+25° F. in inert/vacuum atmo-
sphere, hold at this temperature 30 minutes for each inch of
section thickness. Uniformly furnace cool at a rate not to
exceed 200° F. per hour to 600° F. Then cool in air to room
temperature.

2. Heat material to 600°+20° F. in protected atmosphere,
hold at this temperature for 1 hour. Then cool in air to room
temperature.

3. Heat material to 200°£5° F. in protected atmosphere
and hold at this temperature for 48 hours. Then cool in air
to room temperature.

EXAMPLE 3

Specimens were rough machined, annealed at a tempera-
ture of 1450°+25° F. in inert vacuum for 30 minutes, then
final machined before performing the stress relief cycle (2)
and aging cycle (3) described in Example 2.

EXAMPLE 4

The heat treatment cycle of Example 2 was repeated
except that the aging cycle (3) was conducted for an addi-
tional 28.5 days.

EXAMPLE 5

Specimens were heat treated per steps 1 and 3 of the heat
treatment described in Example 2.

EXAMPLE 6

Specimens were heat treated per steps 2 and 3 of the heat
treatment described in Example 2.

The specimens were then tested for dimensional stability
and CTE. Thermal hysteresis testing was also performed in
order to determine the effect of thermal cycling.

The heat treatments increase temporal stability but some-
times CTE is sacrificed. In addition to CTE and temporal
stability testing, thermal hysteresis testing was performed in
order to find out the effect of thermal cycling.

The CTE/thermal hysteresis measurements were per-
formed individually for each specimen within the tempera-
ture range of —50° C. to +50° C. in 25° C. increments and
the overall CTE was determined. The temporal stability test
was performed for at least 60 days at a temperature of 38°
C. because most dimensional instabilities were expected to
occur at elevated temperatures during the first two months of
testing.

Measurement Methods

Two kinds of measurements were performed:

(1) Thermal expansion (CTE/thermal hysteresis—change
of length with temperature), and

(2) Temporal instability (change of length with time at
constant temperature).

Both kinds of measurements rely on the same laser-
interferometric principle. The sample is configured to form
the spacer between two concave mirrors, thereby forming a
confocal Fabry-Perot resonator. A tunable HeNe laser is
optically aligned with this resonator, the cavity resonant
frequency is observed, and the laser is then locked to the
cavity resonant frequency. Lastly, a record is made of this
laser frequency with respect to a stabilized reference laser.
If at some later time the sample length changes due to time
or temperature changes, then the cavity resonances change
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6

by an amount Av. This frequency shift is measured by
relocking the tunable laser to the new cavity resonant
frequency and again comparing the laser frequency with
respect to the reference laser. In this way an absolute
measure of sample length change is obtained through the
relation.

A shift Av=474 MHz corresponds to 1 ppm.

In the experimental arrangement used for CTE/thermal
hysteresis measurements, a sample was oriented vertical
with optical axis in a vacuum better than 0.01 Torr. The Av
and temperature data were recorded only after sample length
stabilized to AL/L<0.001 ppm/hour. CTE/thermal hysteresis
measurements were performed individually for each speci-
men in the temperature range of —50° C. to +50° C., stopping
every 25° C. to record Av and temperature. Plots were made
of frequency shift vs. temperature, which were converted to
AL/L vs. temperature. This also showed in detail how much
each sample failed to return to its original length upon
returning to its original temperature (referred to as thermal
hysteresis).

In the arrangement used for temporal stability measure-
ments, a massive copper sample holder had a capacity of 37
samples: 35 were supplied by JPL (including some other
dimensionally stable, nonmagnetic candidate materials), and
two were supplied by the University of Arizona—a copper
sample (used for temperature stabilization) and an optically
contacted Homosil sample used as a fused silica double
check on the stability of the reference laser). Temporal
stability testing was performed at 38° C. for over 11 weeks
(80 days), after which the chamber temperature was dropped
down to ambient (27.5° C.) and the specimen’s length
changes were monitored for another 6 weeks (43 days). The
copper reference sample indicated the chamber temperature
was held constant to £0.015° C. The Homosil reference
sample remained constant in length with 20.01 ppm, indi-
cating that the stable reference laser was indeed stable to
1078 over the test duration. Each weekday a measurement
was made, sequentially, of initial chamber temperature, each
sample’s resonant frequency change and final chamber
temperature. These resonant frequency changes were plotted
vs. time and later converted to AL/L vs. time.

All CTE/thermal hysteresis data is briefly summarized in
Table 3. Typical curve length change vs. temperature of the
“as extruded” specimen of Example 1 is presented in FIGS.
2-3. A specimen diameter of 0.76 cm was used. In addition
to overall CTE within the temperature range of —50° C. to
+50° C,, the CTE within the temperature range of 0° C. to
25° C. was also determined for each material and is shown
in Table 3.

TABLE 3

CTE/THERMAL HYSTERESIS TEST RESULTS

CTE CTE HYSTERESIS
0° C. TO —50° C. TO -50° C. TO

MATERIAL 25° C. +50° C. +50° C.
HP INVAR [ppm/°C.] {ppm/°C.] [ppm/Cycle]
AS 0.20 0.29 0.28
EXTRUDED
Example 2 0.71 0.80 1.05
Example 3 0.76 0.85 0.12

0.76 0.82 0.63
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TABLE 3-continued

8

TABLE 4-continued

CTE/THERMAL HYSTERESIS TEST RESULTS

CTE CTE HYSTERESIS
0° C. TO —50° C. TO -50° C. TO
MATERIAL 25° C. +50° C. +50° C.
HP INVAR [ppm/°C.] [ppm/°C.] [ppm/Cycle]
Example 4 0.77 0.82 0.50
0.74 0.81 2.70
Example 5 0.70 0.81 2.70

TEMPORAL STABILITY TEST RESULTS

38° Ambient (27.5° C.)
11 Weeks 6 Weeks
Rate Rate
(ppm/ (ppm/
Material year) Remarks year) Remarks
-038 -1.0

The CTE test results indicated that among the HP INVAR
36 specimens measured, both the lowest CTE and the lowest
thermal hysteresis was found for samples in the “as
extruded” condition. All heat treatments, except Example 6
which was not tested for CTE, increased CTE of HP INVAR
36 (almost four times from 0.2 ppm/°C. to approximately 0.8
ppm/°C.). The extent of cold-work in HP INVAR 36 rods in
“as extruded” condition was apparently sufficient to reduce
the CTE markedly at these test temperatures. However, all
HP INVAR 36 specimens (“as extruded” and heat treated)
meet the thermal expansion requirements for metering rods
of CTE<1 ppm/°C. Although the CTE results for all HP
INVAR 36 specimens are very consistent, the thermal hys-
teresis results showed some specimen-to-specimen varia-
tion, especially for the heat treated specimens. Hysteresis
values ranged from 0.12 to 2.70 ppm/cycle.

The temporal stability test was performed for a total of 81
days at a temperature of 38° C. Subsequently the tempera-
ture was dropped down to ambient (27.5° C.) and length
changes were monitored for about 6 weeks. Due to cost
considerations, all sample mirrors were held in place by
gravity, rather than by optical contacting. However, the HP
INVAR 36 specimens had small diameters (about 0.76 cm),
which necessitated use of small and lightweight mirrors to
form optical resonators. These small mirrors were suscep-
tible to jumps and settlings caused by vibrations and perhaps
dirt specks and/or electrostatic forces. Fortunately, the use of
more than one specimen of each type made it possible to
draw conclusions, although with varying certainty.

All temporal stability data is summarized in Table 4.

TABLE 4
TEMPORAL STABILITY TEST RESULTS

38° Ambient (27.5° C.)
11 Weeks 6 Weeks
Rate Rate
(ppm/ (ppm/
Material year) Remarks year) Remarks
HP Invar
As Received +2.4 0
2.7 *Questionable -1.2 *Questionable
Ex. 2 -5.6 *Questionable -0.1 *Questionable
2.2 *Questionable 0
-1.4 *Questionable -1.2
Ex. 3 -2.6 *Questionable 0.6
-1.0 0.6
<0 Noisy -12
Ex. 4 -1.5 —04 *Questionable
-0.6 *Questionable —0.6 *Questionable
No Data No Data
Ex. 5 0.3 -1.2 *Questionable
-1.0 *Questionable 0.1
—-0.8 =30 *Questionable
Ex. 6 -1.1 -1.2
-0.8 0
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*Questionable results within first 20 days of testing only.

Typical temporal stability data for Example 4 is shown in
FIG. 4. The length change rates represent the slope of the
linear portion of each AL/L vs. days. Straight lines have been
fitted to the data. A least-square analysis was not done
because other uncertainties seemed far greater. In the judg-
ment of the laboratory doing the testing all the nonlinear data
should be considered questionable with the best possible
conclusion drawn from the linear segment. It was not clear
how to interpret and qualify the data in cases where the
length changed in a nonlinear manner. The cause of the
nonlinearity could have been material relaxation or it could
have been something like a speck of dirt or electrostatic
charge repulsion. The temporal stability was analyzed by the
inventors by fitting exponential lines to the data.

Almost all specimens were shrinking no faster than 1
ppmV/year. The samples from the heat treatment of Example
2 gave the most nonlinear results at 38° C., while the
samples from Example 6 provided the confident straight line
data. The HP INVAR 36 in “as extruded” condition was the
most unstable at 38° C. for eleven weeks; however, upon
dropping to 27.5° C. for six weeks, it slowed to about zero
ppm/year. These eleven weeks at 38° C. could be a good
stabilizing treatment for HP INVAR 36 to be used at ambient
temperature. However, since the temporal stabilities of two
specimens were so different, there are residual concerns. The
temperature change from 38° C. to 27.5° C. did not trigger
any drastic new length drift rate for the heat-treated HP
INVAR specimens. In general, it improved dimensional
stability and provided more confident straight line data for
three-step heat treatments of Examples 2 and 3, while a
simple two-step stress relief/stabilizing heat treatment of
Example 6 was not much affected and gave straight line data
and good temporal stability at both temperatures.

The dimensional stability test results confirm that HP
INVAR 36 made by powder metallurgy is an exceptionally
dimensionaily stable material. It was proven that high purity
(carbon content<0.01% and other impurities con-
tent<0.10%) ensured both low thermal expansion and excel-
lent temporal stability. A CTE<1 ppm/°C. along with a
temporal stability of 1 ppm/year were achieved together.
These dimensional stability characteristics have never been
reported before for any Invar material. Actually, all HP
INVAR 36 specimens with or without the heat treatments

- were shrinking very slightly at 27.5° C. and at 38° C. as well

during temporal stability testing. It could be interpreted that
this contraction was possible due to the relief of internal
stresses left after thermomechanical processes (e.g., extru-
sion/heat treatments.) It appears that powder metallurgy
made HP INVAR 36 behave in part similarly to convention-
ally made INVAR 36, especially in the thermal expansivity
area. The lowest CTE found in “as extruded” condition
indicates that cold working and other thermomechanical
processes increase thermal stability of HP INVAR 36 similar
to commercial Invar 36. Also, all stabilization heat treat-
ments with high-temperature annealing (at 788° C.)
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increased the CTE of HP INVAR 36. However, all HP
INVAR 36 specimens (“as extruded” and heat treated) had
a low CTE of<1l ppm/°C., which that suggests the high
purity of HP INVAR 36 ensured CTE low enough for all
specimens to meet thermal stability requirements.

Almost all specimens were shrinking no faster than 1
ppm/year at both temperatures, which is a noteworthy
achievement and meets temporal stability requirements for
metering rods. Also, the temperature changes from 38° C. to
27.5° C., unlike for commercial Invars, did not trigger any
drastic new length drift rate for the heat-treated HP INVAR
36 specimens. Furthermore, all heat treatments resulted in
the meeting of both thermal and temporal stability require-
ments.

The simple low-temperature, two-step stress relief/stabi-
lizing heat treatment (Example 6) did not result in any
significant stability variation with temperature change and
provided more confident linear, temporal stability data at
both temperatures.

All the 27.5° C. data showed excellent temporal stability,
but there is no way to be sure what would have happened
without the previous eleven weeks of 38° C. exposure. One
cannot escape eleven weeks at 38° C. as part of the heat
treatment. Then, the assured conclusion for the lowest CTE,
lowest hysteresis and the best temporal stability at ambient
temperature (27.5° C.) could be HP INVAR 36 in “as
extruded” condition with 11 weeks stabilization treatment at
38° C. However, this HP INVAR 36 was very unstable (high
length change rate) at 38° C. and the temporal stabilities of
two specimens at 27.5° C. were not consistent, which may
cause some concerns. Longer time of aging treatment at 38°
C. may be needed for complete stabilization and very good
temporal stability of INVAR 36 “as extruded” at ambient
temperature.

The superpure INVAR 36 of the invention is believed to
be the most dimensionally stable Invar 36 material ever
produced. High purity and cleanliness of HP INVAR 36, i.e.
carbon content<0.01% and other impurities<0.10%, ensured
both low thermal expansion and very good temporal stabil-
ity. Almost all HP INVAR 36 specimens were exceedingly
stable with time (<1 ppm/year) and temperature (<1 ppm/
°C.). Almost all specimens were shrinking more slowly than
1 ppm/year. A temperature change from 38° C. to 27.5° C.
did not trigger any drastic new length drift rate except for the
“as extruded” condition.

The three-step heat treatment of Example 3 appears to be
the best among the three-step heat-treated HP INVAR 36
specimens with low thermal hysteresis, low thermal expan-
sion and good temporal stability as well. The heat treatment
did not decrease dimensional stability or tensile compressive
strength. It developed the optimum combination of dimen-
sional stability, strength and microyield for the ultrapure
INVAR 36 material of the invention.

The simple two-step heat treatment of Example 6 did not
result in any significant stability variation with temperature
change and provided more confident linear temporal stabil-
ity data at both temperatures. HP INVAR 36 in “as extruded”
condition with 11 weeks or longer stabilization treatment at
38¢ C. could have the lowest CTE, thermal hysteresis and
good temporal stability at 27.5° C.
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Mechanical test results indicate similar tensile properties
but a much higher fatigue endurance limit when compared
with conventional Invar 36. Better fatigue properties are an
added benefit of the invention in addition to the dimensional
stability.

It is to be realized that only preferred embodiments of the
invention have been described and that numerous substitu-
tions, modifications and alterations are permissible without
departing from the spirit and scope of the invention as
defined in the following claims.

We claim:

1. A method of forming an alloy of iron and nickel having
long term dimensional stability comprising the steps of:

blending powders of nickel and iron in the proportions of

36 parts of Nitl.0 parts, remainder Fe, having an
impurities content below 1 part and containing less than
0.01 parts of carbon to form an intimate mixture;

sintering the mixture in a hydrogen atmosphere under
pressure to form an alloy in which the total carbon in
the alloy does not exceed 0.01 parts and Mn, Si, P, S
and Al impurities do not individually and collectively
exceed 0.01 parts;

heat treating the alloy to a first temperature of 1375° F. to
1475° F. in an inert atmosphere and holding the alloy
at the first temperature for 10 to 60 minutes for each
inch of section thickness of the alloy;

then uniformly furnace cooling the alloy at a rate not to
exceed 100° F./hour to a temperature of about 300° E.
and then air cooling the alloy to room temperature;

then heating the alloy to a second temperature of from
500° E. to 700° F. in a protective atmosphere and
holding the alloy at the second temperature for at least
one-half hour and then furnace cooling the alloy at a
rate not to exceed 100° F. per hour to 300° F. and then
air cooling the alloy to room temperature;
then heating the alloy to a third temperature of from 150°
F. to 300° F. in a protective atmosphere, holding the
alloy at the third temperature for at least 24 hours and
air cooling the alloy to room temperature; and

recovering an alloy having a coefficient of thermal expan-
sion at —50° C. to 50° C. of less than 1 ppm/°C./year
and a temporal stability of less than 1 ppm/year at 27.5°
C.

2. A method according to claim 1 in which the alloy is
subject to thermomechanical cold working before said heat
treatment of the alloy.

3. A method according to claim 2 in which the cold
working is conducted by drawing the alloy into a rod.

4. A method according to claim 1 in which nickel is
present in 36x0.8 parts.

5. An alloy produced according to the method of claim 1.
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