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PREFACE

This report is one of a series of state-of-the-art reports being
prepared by Battelle Memorial Institute, Columbus, Ohio, under
Contract No. DA-01-021-AMC-11651(Z), in the general field of ma-
terials fabrication.

This report is intended to provide information useful to fabrica-
tors, heat treaters, and process engineers when dealing with the heat
treating and working of nickel and nickel-base alloys, and with the
effects of these operations on mechanical properties. The subjects
covered in the report are annealing, solution treatment, stress re-
lieving, stress equalizing, age hardening, properties at cryogenic
temperatures, hot working, cold working, and combinations of work-
ing and heat treating (often referred to as thermomechanical
treatments).

Equipment and procedures are taken up, along with the common
problems that may be encountered and the precautions and corrective
measures that are available. The alloys which come under discus-
sion, in addition to wrought nickel, are a group of commercially
available materials considered to be of particular interest in missile
and aerospace applications.

The information on which this report is based was obtained from
the technical literature, reports on Government contracts, manufac-
turers' literature, and personal contacts with selected technical
personnel. A total of 49 references are cited; most of them are
dated later than 1962.
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TECHNICAL MEMORANDUM X-53443

THERMAL AND MECHANICAL TREATMENTS FOR
NICKEL AND SELECTED NICKEL-BASE ALLOYS
AND THEIR EFFECT ON MECHANICAL PROPERTIES

SUMMARY

Nickel and nickel-base alloys are subjected to a variety of ther-
mal and mechanical treatments during the course of their fabrication
into useful shapes and parts. Among these are the hot- and cold-
working steps, such as forging and rolling, involved in fabrication of
the material into the desired shapes, and the thermal treatments that
are used to develop the optimum mechanical properties. The latter
treatments include annealing, stress relieving, solution treatment,
and age hardening. These treatments all have an effect on the final
strength properties of the alloys. The extent of these effects is de-
pendent on the nature of the alloy under consideration and on the
thermal and mechanical treatments that are applied. For example,
in age-hardening operations, the mechanical properties developed
depend on the content of the hardening elements in the alloy, on the
solution-treatment conditions, and on the aging temperature and time.

In this report, annealing, solution treatment, stress relieving,
stress equalizing, age hardening, hot working and cold working are
defined and discussed in a general way, as well as the manner in
which they apply to the treatment of nickel-base alloys. Equipment
and procedures are described, as well as the problems commonly
encountered, and the precautions and corrective measures that have
been developed.

The specific effects on the selected alloys are then described,
and examples of typical properties that are obtained by variations in
the treatments are illustrated by figures and tabulations for each
alloy. The alloys that are considered in this report are representa-
tive of materials of particular interest in missile and aerospace
applications. They are complex alloys designed for superior re-
sistance to creep and rupture at elevated temperatures. The alloys
selected for discussion in this report are: Nickel, Monel K-500,
Inconel X-750, Inconel 718, René 41, Waspaloy, Udimet 500,
Hastelloy C, Alloy 713 C, Alloy 713 LC, and IN-100.



INTRODUCTION

Because of its face-centered cubic crystallographic structure,
nickel displays a high degree of ductility and toughness over a wide
range of temperatures from elevated to cryogenic and, for this rea-
son, the metal responds readily to all commercial hot-working and
cold-forming operations. In addition, the metal can be cast, welded,
brazed, and soldered. Furthermore, nickel work hardens and, as a
consequence, its mechanical properties can be altered by mechanical
treatment at room temperature. They also can be changed by hot
working and by thermal treatment (Refs. 1,2).

Another significant property of nickel is its ability to alloy
readily with numerous other metals. As a result, it serves as the
basic component of a great many alloys that are important in mili-
tary and aerospace applications as well as in the civilian economy.
Additions of such elements as copper, molybdenum, and chromium,
singly and in a number of combinations, enhance specific corrosion
resistance. Chromium, tungsten, molybdenum, columbium, and
cobalt, in various combinations, impart heat resistance and strength
at elevated temperatures. However, as in other metallic systems,
the introduction of alloying elements, especially those that have a
strengthening effect, tends to reduce ductility and decrease work-
ability, correspondingly.

The addition of titanium, aluminum, columbium, silicon, mag-
nesium, and beryllium makes the material age hardenable. In
nickel-base alloys, the age-hardening process is usually capable of
effecting significant increases in room-temperature mechanical
properties as well as producing tremendous increases in resistance
to creep and rupture at elevated temperatures (Ref. 2).

The purpose of this report is to provide useful information of a
practical nature that is applicable to current practices and problems
associated with the thermal and mechanical treatment of nickel and
nickel alloys, attention being directed particularly to the influence of
such treatments on mechanical properties.

The compositions of the nickel-base alloys that are brought
under discussion in this report are given in Table I. These rather
complex alloys were designed primarily to combine strength with
corrosion resistance or to possess superior resistance to creep and
rupture at elevated temperatures. However, several of the alloys




TABLE I. SELECTED NICKE

—

Name Originator Form C Cr Co Mo w Ni
Wrought Nickel The International Nickel Company, Inc. Wrought 0. 06 -- -- -- -- 99, 5
Monel K-500  The International Nickel Company, Inc, Wrought 0.15 == -- -- -- 65, (
Inconel X=750 The International Nickel Company, Inc. Wrought 0.04 15.0 - - -- 73. C
Hastelloy C Union Carbide Corporation Wrought 0.08(3) 15,5 2.5(8) 16.0 3,75 56,

Cast 0.12(d) 16,5 2.5(3) 17.0 4.5  53.¢
Udimet 500 Special Metals, Inc, Wrought 0.15(@) 17.5 16.5 4.0 -- 52, (

Cast 0.10(d) 19.0 18,0 4.0 ~-- -1
René 41 General Electric Company Wrought 0.12(8) 19,0 11.0 9.75 == 51,

Cast 0.09 19,0 11.0 9.76 == 50,
Waspaloy Pratt & Whitney Wrought or cast 0. 10(8) 19,5 13,5 4,25 == 56. |
IN=100 The International Nickel Company, Inc, Cast 0.18 10,0 15,0 3.0 -- 60,
Alloy 713 C The International Nickel Company, Inc, Cast 0.12 12,95 -- 4,20 == T4, |
Alloy 713 LC 0.05 12,0 -- 4,50 == 75,
Inconel 718 The International Nickel Company, Inc. Wrought 0,04 18.6 -- 3.1 -- 52,

(a) Maximum,
(b) Low.




L-BASE ALLOYS

Nominal Composition, per cent
F 4

Cu

Fe Al Ti Cb v B Zr Reference
0,05 0.15 - - -- -- -- -- 3
29,5 1,00 2.80 0. 50 - - -- -- 3

0. 05 6.75 0. 80 2,50 0.85 -- -- -- 3

.- 6.0 -- -- -- 0.35(2) - -- 4

- 6.0 -- -- - 0.30 -- --

0.15(2) 4, 0(2) 2,90 2.90 - -- 0. 010(3) -- 5,6

0. 10(2) 2.0(2) 3,00 3.00 - -- 0. 010(3) --

- 5, 0(a) 1,50 3,15 - - 0. 006 - 7,8

-- 5. 0(2) 1.65 3.15 -- -- 0.003(2) -- 7,8

0. 50(2) 2.0(a) 1.30 2.90 -- - 0. 006 0. 07 9

-- (b) 5.5 5.0 - 1.0 0. 015 0. 05 10

-- ® 6.10 0. 80 2.20 -- 0. 012 0.10 11

- b) 5.90 0. 60 2,00 - 0.010 0.10 12

0.10€a) 18.5 0.40 0. 90 5.0 -- 0. 004 - 3,13




have, in addition, found important usage at cryogenic temperatures.
All of them comprise a group that is of particular interest in missile
and aerospace applications.

Some of the alloys are intended to be used in the form of cast-
ings and, thus, are not subjected to mechanical treatment. However,
they respond to thermal treatment and are normally given a heat
treatment before being placed in service.

Other alloys in the group are intended primarily to be used in
the wrought condition, usually as machined forgings or components
formed from sheet metal or bar stock. The mechanical properties
of these alloys can be altered by hot working as well as by cold
deformation. Likewise, these alloys respond to a variety of heat
treatments with corresponding changes in their mechanical
properties.

Neither experimental alloys nor alloys still in the developmental
stage are included in the group. The alloys selected for discussion
are commercially established materials that have accumulated back-
grounds of usage. In fact, in military and aerospace applications,
they are among the prominent materials in present-day use. On the
other hand, the list is not meant to be a complete roster; rather, it
is intended to be thoroughly representative of the nickel-base alloys
used in such applications.

In the sections that follow, consideration is given to the thermal
and mechanical treatments to which nickel and nickel-base alloys are
normally subjected. These treatments include annealing, solution
treatment, stress relieving, stress equalizing, age hardening, hot
working, cold working, and combinations of thermal and mechanical
treatments. Definitions of terms are supplied and data are provided
showing the effect of the treatment on mechanical properties. In
addition, properties of the materials at cryogenic temperatures are
presented. Equipment and procedures are described as are the
problems commonly encountered and the precautions and corrective
measures that have been developed.

Many of the treatments have innumerable variants serving
special purposes. Most of these are not discussed because of their
limited applicability. However, some are taken up to illustrate
points of particular importance. In general, though, the practices
discussed are those that have become standard for general usage,
or are variants recommmended by the producers to meet critical needs



identified by leading fabricators, or developed by the fabricators
themselves for the same purpose.

Finally, the mechanical property data that are given in the re-
port are intended to be illustrative or typical. In no case are they
to be construed as minimum guaranteed values or as normal expected
properties. In many cases they are averages, but with an unknown
statistical significance.

THERMAL TREATMENTS

ANNEALING AND SOLUTION TREATING

Purpose Served. When applied to nickel and nickel-base
alloys, annealing consists of heating at a suitable high temperature
for a definite period of time and then cooling slowly or rapidly, as
a result of which the metal is softened and its ductility is increased
(Ref. 14). Annealing is commonly carried out on wrought material
that has been hardened by a cold-forming operation such as deep
drawing, stretch formiﬁg, or severe bending. In this case, soften-
ing and restoration of ductility are brought about by recrystallization
of the metal's grain structure that occurs during the annealing opera-
tion. The time and temperature employed in annealing are such as

to encourage recrystallization. Nickel-alloy castings are often an-
nealed also, but because they are not worked beforehand, they do not
recrystallize during the annealing operation.

The reasons for annealing nickel and nickel-base alloys are as
follows:

(1) To increase the ductility and reduce the hardness of
wrought alloys, thereby improving their formability.
Wrought nickel alloys work harden considerably dur-
ing cold forming. As a consequence, if the forming
operation is severe, it is performed in steps and the
metal is annealed between each step. The latter
operation is often termed intermediate annealing or

process annealing.

(2) To facilitate machining, in cases where the machin-
ing operation is not feasible because of the extreme
hardness of the metal. However, it is often undesir-
able to anneal nickel-base alloys before machining




(3)

(4)

(5)

(6)

(7)

because they tend to be "'gummy' in the soft condition.
Therefore, in numerous cases, the machining opera-
tion is preferably carried out on hardened material.

To remove or reduce stresses built up in the material
during casting, forming, or welding operations. The
subject of stress relieving is taken up in some detail
in a later section.

To soften the material preparatory to welding. An-
nealing reduces the tendency of weldments to crack
from the combination of residual stresses produced
by previous cold working with those due to the heating
and cooling that accompanies welding.

To develop desired final mechanical properties. In
addition to increasing ductility and decreasing hard-
ness, annealing promotes toughness in nickel and
nickel-base alloys.

To change the grain size of the metal. Annealing can
either increase or decrease grain size, depending on
the degree and the temperature of prior working, and
the temperature and time of annealing.

To dissolve second phases in the matrix in order to
improve corrosion resistance or to prepare the alloy
for a subsequent age-hardening treatment. In these
cases the annealing operation is known as solution
treating or solution annealing (Ref. 15). However,

for the operation to be effective, the cooling rate must
be rapid enough to retain the second phase in solution
as the metal cools to room temperature or to some
other predetermined temperature. Water or oil
quenching is common; frequently, cooling in an air
blast is sufficient. The cooling method required de-
pends on the section size and the composition of the
alloy.

Most of the nickel-base alloys used in missile and
aerospace applications, such as those shown in
Table I, are age hardenable. For these alloys, an-
nealing and solution treating are essentially the same
operation since they are seldom annealed without
being rapidly cooled from the annealing temperature.



In the case of such alloys, the operation is often called
"annealing'' when the purpose is to soften the metal,
and called ''solution treating'' when the objective is to
take second phases into solution.

Comments on Some Aspects of Annealing and Solution

Treating.

Grain Size and Solution Temperature. As indicated in
the previous section, the grain size of the metal can be changed
during the annealing operation. In fact, nickel-base alloys, in com-
mon with most other metals and alloys, are susceptible to the growth
of an exceedingly large grain structure if they are solution treated
after small amounts of cold or hot work. To avoid the growth of ab-
normally large grains on annealing, a critical amount of cold work
(usually 1 to 6 per cent, depending on the alloy) or hot work (gener-
ally about 10 per cent) prior to solution treating must be exceeded in
all areas of the part (Ref. 15).

With larger amounts of prior cold work the grain size can be
refined. However, to achieve grain refinement, the annealing tem-
perature and time should not greatly exceed the minimum conditions
required to produce recrystallization. Again, the effectiveness of
the grain-refining operation increases, the larger the prior grain
size and the greater the amount of cold reduction before the anneal-
ing treatment.

Grain growth can be achieved by using annealing temperatures
and times in excess of the minimum needed for recrystallization. In
regard to recrystallization and grain growth, the influence of tem-
perature is far greater than that of time at temperature. Hence,
increases in grain size. are generally made by increasing the tem-
perature, rather than the time, at which the work is annealed or
solution treated. However, even when the metal is heavily cold
worked before annealing, there are limitations on the annealing tem-
perature if excessively large grains are to be avoided. Annealing at
a temperature somewhat above that at which all second phases are
completely dissolved invites rapid grain growth. As an example, it
has been reported that annealing at 1700 to 1800 F adequately dis-
solves precipitated phases in Inconel 718. However, when this alloy
is annealed at temperatures above 1900 F, excessive grain growth is
to be expected (Ref. 16).



An abnormally large-grain structure (i.e., ASTM No. 1, 0, or
greater) should be avoided in nickel and its alloys because it reduces
creep and fatigue properties and interferes with cold-forming capa-
bility. It also reduces uniform elongation and encourages the devel-
opment of ""orange peel' on surfaces where the cold-forming opera-
tion causes a considerable amount of bending or stretching to occur.
Cold forming is favored by a uniform fine-grained structure, pro-
vided the solution-treating temperature is high enough to completely
dissolve age-hardening constituents and achieve the soft condition.
Sometimes, however, the minimum solution treatment does not make
the metal soft enough for a particular forming operation; in such
cases the temperature must be raised to render the metal softer,

but a corresponding increase in grain size must also be accepted
(Ref. 15).

Often a solution temperature at the lower end of the range is
used to achieve optimum low-temperature and short-time elevated-
temperature properties in subsequently aged material. The fine-
grain structure produced during the solution treatment is considered
to be a major factor in the development of these properties in the
aged material. By the same token, a higher solution temperature,
which causes a coarser grain structure to develop, is often specified
for optimumn creep and rupture properties. On the other hand, as
mentioned earlier, extremely coarse structures containing abnor-
mally large grains are to be avoided.

Cooling From the Solution Temperature. For maxi-
mum softness as annealed, as well as for optimum aging response,
most age-hardenable nickel-base alloys should be cooled rapidly
from the heating temperature and without delay. A delay in cooling
or the use of a cooling rate that is too low may cause partial precipi-
tation of the aging phase. As a result, the material may not be suf-
ficiently soft on reaching room temperature and its capability to
respond to a subsequent aging treatment may be impaired. Alloys
such as René 41 and Waspaloy, which contain large amounts of
hardening elements, are particularly sensitive to delayed cooling
and to inadequate cooling rates.

These alloys cannot be uniformly softened throughout thick sec-
tions even by drastic water quenching from the solution temperature.
Partial precipitation of the hardening phase occurs in the interior of
the material. In fact, in order to obtain more uniform hardness
after solution treatment and more uniform response to aging, heavy
sections of these alloys are often air cooled from the solution



temperature in spite of the partial aging that occurs as a result of
the slower cooling. Sometimes in order to obtain a uniformity

soft condition in parts composed of thick and thin sections, the thick
sections are quenched more drastically than the thin sections. For
example, they may be immersion quenched with water, while the
thin sections are spray quenched (Ref. 15).

Effect of Intermediate Annealing. In addition to soften-
ing the material and restoring its ductility so as to facilitate further
cold forming, intermediate or process annealing can sometimes
have a marked effect on the response to subsequent heat treatment.
René 41 and Waspaloy are reported to be quite sensitive to such
effects.

For example, it is reported that parts formed from Waspaloy
and René 41 sheet have cracked after being solution treated at 1975 F
for 1/2 hour, air cooled, and then aged at 1400 F for 16 hours. The
cracking was attributed to a carbide network in the grain boundaries,
which drastically reduced the ductility of the material. The cause of
the carbide network was traced to a process anneal at 2150 F. At
this temperature the M¢C carbides that were present in random dis-
persion throughout the grains were dissolved, making the carbon
available for the precipitation of M;3C¢ carbides at the grain bound-
aries on subsequent exposure of the material to temperatures in the
range of 1400 to 1600 F. By keeping the annealing temperature be-
low 2000 F, the MgC carbides were not dissolved and the ductility of
the aged metal was much improved (Ref. 15).

Equipment and Procedures.

Furnaces. In this section the principal characteristics
of the equipment used to anneal nickel and nickel-base alloys are
discussed. Details on the types of furnaces and their construction,
and the auxiliary equipment involved, are not taken up. There are
numerous manufacturers of industrial heating equipment; annealing
equipment has countless variations; while much of the equipment can
be considered as standard, a great deal of it is specially designed
or has special features to suit it to particular situations. Accord-
ingly, annealing equipment is discussed here only in general terms,
but with particular attention directed toward any special require-
ments imposed because the equipment is handling high-nickel
material.

Wrought nickel can be annealed by all standard muffle, box, and
salt-bath processes. Roller-hearth and belt-conveyor open-muffle
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furnaces are common. A roller-hearth furnace is illustrated in
Figure 1. When open-muffle furnaces are used, the material to be
annealed is protected from oxidation by means of a prepared atmo-
sphere pumped into the furnace; or, in the case of fuel-heated fur-
naces, it can be protected by the products of combustion. Tempera-
tures are comparatively high, and time periods are quite short.
Because the annealing periods are short, temperature control is
critical (Ref. 17). ‘

FIGURE 1. CONTINUOUS ROLLER-HEARTH FURNACE USED
FOR ANNEALING NICKEL-BASE ALLOYS

Courtesy of the Huntington Alloy Products Division,
The International Nickel Company, Inc., Huntington,
West Virginia.

Nickel is box annealed in bell-type or pot-type equipment. In
the bell-type box, the work is loaded on the flat base and the bell is
lowered over the charge. In the case of pot furnaces, the charge is
lowered into the pot and then the lid is put in place. Heat-resistant
nickel-chromium and nickel-chromium-iron alloys are recommended
as box materials not only because they can withstand the service but
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also because they do not shed loose scale and rust on the charge.
Fire clay and sand are common sealants for box furnaces. Box fur-
naces are usually heated electrically, but oil and gas are also used.
However, a fuel-fired furnace should be designed to avoid the direct
impingement of flames on the surface of the container. Again, the
container should have an inlet to admit gas. Reducing gas is intro-
duced as soon as the box is removed from the furnace, or when the
burners are shut off. The flow of gas should be so regulated as to
maintain a positive pressure inside the box. Finally, temperatures
for box annealing are relatively low and time periods are fairly long
and, thus, temperature control is less critical than for open-muffle
annealing (Ref. 14).

Small parts made of nickel may be salt-bath annealed. The bath
is usually a mixture of molten inorganic chlorides or chlorides and
carbonates held in steel pots, heat-resisting nickel-chromium-iron
alloy pots or ceramic containers, depending on the temperature.
When placed in the bath the work heats rapidly. Annealing cycles are
short and, after annealing, the work is water quenched to remove
entrained particles of salt (Ref. 14). Examples of salt-bath mixtures
used for nickel alloys are shown in Table II (Ref. 18).

In general, nickel-base alloys can be annealed in muffle-type
equipment and in salt baths. Those alloys that require solution
treating, that is, rapid cooling from the annealing temperature, must
be annealed in furnaces provided with suitable cooling chambers or
quenching equipment. This applies to age-hardenable alloys such as
those listed in Table I. Thus, box annealing is usually unsuitable for
these alloys because of the low rate of cooling inherent in the method.

Protective Atmospheres. In the annealing of nickel and
nickel-alloys it is generally advisable to avoid a strongly oxidizing
atmosphere. It is even more important that the atmosphere be suit-
ably sulfur-free, because a variety of sulfide inclusions can be formed
in nickel and nickel alloys that are heated in the presence of sulfur
and sulfur compounds (Ref. 19). Frequently, these inclusions take
the form of grain-boundary networks that embrittle the material.
The nature of such a grain-boundary attack as it occurred in heating
wrought nickel in a high-sulfur furnace atmosphere is shown in Fig-
ure 2 (Ref. 20). With nickel-base alloys the character of the attack
is generally quite similar to that depicted in the figure.
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TABLE II. NEUTRAL SALT -BATH MIXTURES FOR AGE HARDENING AND ANNEALING

NICKEL AND NICKEL-BASE ALLOYS (REF. 18)

Per Cent Melting
by Point, F Working
Mixture Weight (approx) Range, F
Sodium nitrite 40-50 290 325-1200
Sodium or potassium nitrate 60-50 290 325-1200
Sodium nitrate 40-50 440 500-1200(2)
Potassium nitrate 60-50 440 500-1200(2)
Sodium nitrate 96 min 700 750-1200(2)
Potassium chloride 20-30 1100 1250-1700
Sodium chloride 15-25 1100 1250-1700
Barium chloride 50-60 1100 1250-1700
Potassium chloride 45-55 1250 1350-1650
Sodium chloride 55-45 1250 1350-1650
Sodium chloride 20-30 1300 1400-1700
Barium chloride 80-70 1300 1400-1700
Sodium chloride 10-20 1400 1500-2000
Barium chloride 90-80 1400 1500-2000
Barium chloride 85 1550 1650-1850
Barium fluoride 15 1550 1650-1850

(a) Do not operate this bath above 1100 F in a fuel-heated pot,
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Depth of
attack

&. | Depth of
) attack

100X Etchant — Nitric Acid

\
FIGURE 2. TRANSVERSE SECTIONS SHOWING INTERGRANULAR
ATTACK OF WROUGHT NICKEL WHEN HEATED TO
HIGH TEMPERATURE IN A SULFUR-CONTAINING
FURNACE ATMOSPHERE (REF. 20)

The resulting intergranular nickel sulfide network has
been darkened by the etchant.

Wrought nickel will remain bright when heated and cooled in a
reducing atmosphere. However, nickel-base alloys containing chro-
mium, titanium, and aluminum will form a thin oxide film unless
they are annealed in a vacuum or in a very pure, very dry inert gas
(Ref. 17).

In many instances, a thin oxide film can be tolerated. This is
often the case in applications involving heat resistance. When not
acceptable, the oxide can be removed by pickling or by salt-bath
descaling and pickling.

A commonly used and economical atmosphere, which can be
provided in fuel-fired muffle-type furnaces, is that produced by con-
trolling the ratio of fuel to air that is fed to the burners so that there
will be a slight excess of fuel. It is desirable that the products of
combustion contain at least 4 per cent of carbon monoxide plus hydro-
gen and no more than 0.05 per cent uncombined oxygen. An atmo-
sphere that fluctuates between reducing (the presence of carbon
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monoxide and hydrogen) and oxidizing (excess air) is to be avoided.
This condition tends to cause intergranular attack and embrittlement
of the metal even when no sulfur is present. Nickel and Monel are

more readily affected than nickel-base alloys containing chromium
(Ref. 17).

Prepared endothermic atmospheres produced by reacting fuel gas
with air in the presence of a catalyst are not recommended because
they tend to be carburizing. Likewise, the endothermic mixture of
nitrogen and hydrogen formed by dissociating ammonia is not used
unless the dissociation is complete, because of the chance that it will
nitride the work (Ref. 15).

Prepared atmospheres suitable for nickel and nickel-base alloys
include dry hydrogen, dry nitrogen, completely dissociated ammonia,
and dry argon. The general practice is to introduce prepared atmo-
spheres into indirectly heated annealing equipment rather than into a
direct-fired furnace.

Dry hydrogen with a dew point of -60 F or lower is used for
bright or semibright annealing of nickel and nickel-base alloys.
However, alloys containing appreciable aluminum or titanium tend to
show a very light tarnish. Hydrogen is not recommended for anneal-
ing or solution treating of alloys that contain boron because of the
likelihood of deboronizing through the formation of boron hydrides
(Ref. 15).

When nickel-base alloys containing strong oxide formers such as
aluminum and titanium, with or without boron, must be bright an-
nealed a vacuum or an inert gas such as argon is required. When
argon is used it must be pure and must have a dew point of -60 F or
lower. Some atmospheres used in the annealing and solution treat-
ment of nickel and nickel-base alloys are shown in Table III

Fuels for Heating. Nickel and nickel-base alloys may be
heated by electricity or by the combustion of a number of fuels. When
the latter are used they must be carefully selected.

Coal and coke are generally unsatisfactory because their com-
bustion is too inflexible to lend itself to sufficiently close tempera-
ture control. In addition, the products of combustion of these fuels
usually contain an unacceptably large amount of sulfur compounds.

Oil is satisfactory provided it has a low-sulfur content. Burners
that use low-pressure air, supplied through the burner, are preferred
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over high-pressure burners or those of the steam injector type be-
cause they work especially well with automatic temperature-control
equipment.

Gas, whether natural or manufactured, is usually the preferred
fuel. Good heating can be obtained readily with gas because of the
ease with which the gas-air mixture can be controlled and the ease
with which the supply of gas can be regulated. Gaseous fuels require
only a small combustion space and automatic control of temperature
and atmosphere is readily accomplished.

Generally speaking, natural gas is the best because it can be
obtained, in many localities, essentially free from sulfur compounds.
Manufactured gases are produced from coal or oil, which often con-
tain substantial amounts of sulfur. These gases should not be used
unless the sulfur compounds are effectively removed during gas
manufacture. The generally accepted statutory limit of 30 grains of
sulfur per 100 cubic feet of gas is a little too much for heating nickel
alloys; a sulfur content of 10 to 15 grains is far more acceptable.
Two other good fuels for heating nickel and nickel-base alloys are
propane and butane (Ref. 17).

Notes on Procedures. It has been mentioned that nickel
and nickel alloys are subject to embrittlement when heated in the
presence of sulfur and sulfur compounds. For this reason, fuels for
heating these materials must have a low-sulfur content. Many lubri-
cants, oils, and greases contain sulfur or lead that will have the same
embrittling effect and, thus, must be removed before heat treating.
Similarly, paints and other adhering substances may contain lead,
sulfur, and other harmful ingredients and should be removed before-
hand. In fact, most foreign material tends to burn into the metal at
high temperatures. A good cleaner is hot trisodium phosphate solu-
tion; mineral oils and greases may be rerﬁoved with carbon tetra-
chloride and similar solvents as well as with vapor-degreasing
machines (Ref. 17).

Annealing and solution-treating temperatures are usually well
above the upper limit of usefulness of the material, even of alloys
specifically designed for strength at high temperatures. At such
temperatures the metal is weak, and tends to sag and distort under
its own weight and also as a reaction to the relief of internal stresses.
To counteract these effects, parts and assemblies are often held in
fixtures during heat treatment. Some types of fixtures merely sup-
port the work against the action of its own weight; others apply
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restraint in an effort to minimize distortion. Long, reasonably sym-
metrical pieces are frequently fixtured by being hung vertically.

Flat parts, or assemblies with large flat surfaces, are often placed
in the furnace on a flat tray or plate. Irregularly shaped parts may
be supported on a bed of clean sand or a ceramic casting formed to
the shape of the part, or on suitably shaped refractory bricks. Re-
straint fixtures wusually have grooves, lugs, or clamps to hold the
part to a given shape. Generally, for alloys to be quenched from the
solution temperature, a minimum of fixturing is used, warpage and
distortion being corrected during subsequent aging (Ref. 15).

Control of temperature is always important, especially in con-
tinuous annealing and salt-bath annealing where temperatures are
high and time periods are short. Good temperature indicating, con-
trolling, and recording equipment is available. Thermocouples
should be checked daily and replaced regularly. It is usually advis-
able to supplement the furnace-control pyrometer with indicating or
recording equipment that measures, or closely approximates, the
temperature of the work. This is the important temperature and it
is frequently different from that of the furnace.

Cooling, the final operation in a heat-treating cycle, may be
carried out in several ways depending on requirements. For exam-
ple, if retention of second phases in solid solution in the matrix is
not important, the cooling rate is generally not critical and any con-
venient method, such as furnace cooling or air cooling, is satisfac-
tory. However, considerations of economics and time generally
favor rapid cooling methods. Some alloys call for rapid air cooling
or air quenching; this means cooling with a fan or an air blast. For
water or oil quenching, the equipment is similar to that used for heat
treating hardenable steels. A generous amount of the quenching
liquid should be available and it should be circulated vigorously in the
tank if the quenching operation is to have optimum effectiveness.
Intermediate cooling rates can be obtained by using a water spray or
a combination of water and compressed air.

STRESS RELIEVING
Purpose. The objective of a stress-relieving heat treatment
is to remove or reduce internal stresses in a metallic material or an

assembly of metallic components. The principal reasons for seeking
to reduce or eliminate internal stresses are as follows:
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(1) To promote dimensional stability and minimize the warp-
ing and distortion that may occur from the action of, or
the release of, internal stresses during such subsequent
fabricating steps as machining and welding, or during
service.

(2) To increase the capability of the material to withstand
the stresses imposed during subsequent forming opera-
tions without cracking or fracturing. By eliminating in-
ternal stresses, the danger that they may act in concert
with the applied stresses to cause failure is thereby
eliminated.

(3) To avoid cracking during welding. By removing previ-
ously introduced internal stresses, they are not available
to reinforce stresses developed during welding operations.

(4) To avoid cracking during storage or service, especially
where there is danger of stress-corrosion cracking.

Procedures and Effects. According to the Metals Handbook™
stress relieving consists of '"heating to a suitable temperature, hold-
ing long enough to reduce residual stresses and then cooling slowly
enough to minimize the development of new residual stresses
(Ref. 21). Clearly, it is feasible to stress relieve by this procedure
only simple materials that do not undergo harmful changes on slow
cooling from elevated temperatures. Thus, such a material as
wrought nickel can be, and is, stress relieved in this manner.

Hot-worked or cold-worked nickel is generally stress relieved in
the range of 900 to 1300 F, the time at temperature varying from
3 hours or so at the lower temperatures to 1/2 hour or less at the
upper end of the temperature range (Refs. 14,17). Time and tem-
perature are often quite critical and usually must be determined by
experimentation. The amount of prior working and the degree of
stress relief desired are controlling considerations. In general, the
principle followed is to select the temperature and time so as to
bring about the desired stress relief without producing a recrystal-
lized grain structure and without altering the mechanical properties
to any great extent. Stress relief takes place principally by means
of a creep mechanism.

*American Society for Metals, Metals Park, Ohio.
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More complex materials in which carbides, intermetallic com-
pounds, and other phases precipitate during slow cooling from ele-
vated temperatures are generally not given a true stress-relieving
heat treatment. Age-hardenable alloys, for example, are in this
category. In such alloys, the precipitation of second phases during
the slow cooling period may impair corrosion resistance, reduce
response when subsequently aged, or promote brittleness.

Because of these effects, the stress relieving of age-hardenable
nickel-base and similar alloys is avoided as much as possible.
Where relief of stress is absolutely necessary, for example, follow-
ing the welding of a highly restrained joint, one of two recourses is
usually resorted to. If the assembly is relatively simple and sym-
metrical so that it can be heated to high temperatures and rapidly
cooled without cracking or undue distortion, it may be given a full
anneal or solution treatment instead of a true stress-relieving heat
treatment. On the other hand, if the configuration does not permit
annealing, aging can be used to accomplish stress relief.

Equipment. Stress relieving can be carried out in continu-
ous heat-treating equipment or as a batch-type operation. Continuous
open-muffle furnaces are best adapted to the higher temperature,
shorter time cycles and to the lighter sections. For cycles involving
the longer times and lower temperatures, box and car-furnaces are
employed.

When a solution treatment is used as a substitute for a true
stress-relieving treatment, the equipment must have facilities for
quenching or otherwise rapid cooling. Because high temperatures
are involved, a suitable furnace atmosphere is required. Standard
solution-treating equipment, such as that described earlier in the
section on annealing and solution treating, is generally used.

Fixtures of the support or restraint type may or may not be em-
ployed in stress relieving depending on a number of circumstances.
For example, when relatively low temperatures are used, the work
will be strong enough to make supporting fixtures unnecessary.
Likewise, if dimensional changes can be tolerated because other
forming operations are to follow, restraint fixtures may not be
necessary.

STRESS EQUALIZING

Stress equalizing is a term sometimes used for a low-
temperature heat treatment that brings about partial '""recovery'' in
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cold-worked nickel and nickel alloys and, in so doing, tends to bal-
ance and readjust residual stresses. This recovery, which occurs
before any microstructural changes, produces an increase in propor-
tional limit, a slight increase in hardness and tensile strength, no
significant change in ductility, and a return of electrical conductivity
toward the value characteristic of the material in the annealed con-
dition (Ref. 17).

Stress-equalizing temperatures are usually in the range of 500
to 900 F. The temperature required depends on the amount of cold
work as well as on the composition of the alloy. Heavily cold-worked
materials reach a higher energy level than those that are lightly
worked and, therefore, require a lower temperature (Ref. 17).

Stress equalizing is usually applied to coil springs, wire forms,
and flat spring stampings. If coil springs are to be given a cold
"'set'", the stress-equalizing treatment should be carried out before
the setting operation, which involves stressing the material beyond
the elastic limit. Any cold-working stresses set up by this operation
are in such a direction as to be beneficial, rather than harmful, to
the material. If the stress-equalizing treatment were carried out
after cold setting, part of the beneficial cold-working stresses would
be removed (Refs. 14,17).

Stress-equalizing treatments are not usually practiced on alloys
that are to be age hardened. When the aging treatment is carried out
at relatively low temperatures the effects of stress equalizing occur
to a considerable extent, the aging operation acting as a sort of sub-
stitute for a stress-equalizing treatment. On the other hand, aging
at comparatively high temperatures would tend to destroy many of the
effects of stress equalizing. The most frequent use of a stress-
equalizing treatment on age-hardenable nickel alloys is in cases
where the alloy has been cold worked after the age~hardening
treatment.

AGE HARDENING

Many nickel-base alloys develop high strength while heated at
intermediate temperatures, usually in the range of 800 to 1600 F,
after having been solution treated. This treatment is known as age
hardening. The increase in strength results from microstructural
changes that take place within the metal when it is heated at these
intermediate temperatures. The microstructural change, which
usually accounts for the increase in strength, is the precipitation of
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one or more dispersed phases throughout the matrix. Hence, the
treatment is often called precipitation hardening. The precipitation
actually takes place from the supersaturated matrix that is developed
by the prior solution treatment and retained by rapid cooling from
the solution-treating temperature (Ref. 18).

Discussion of Age-Hardening Conditions. For most age-
hardenable nickel-base alloys, numerous sets of aging conditions
(i.e., aging times and temperatures) are available. The choice de-
pends primarily on the final mechanical properties desired, the num-
ber and characteristics of the available precipitating phases, and the
degree to which the material may have been cold worked after the
solution treatment. In addition, thc aging conditions may be influ-
enced by the prior solution-treating temperature.

For example, although maximum strength may not be required
for a certain application, it may be desirable to develop higher
strength than is available in the material as solution treated, but
greater ductility than is possessed by the fully aged alloy. In this
case, the aging conditions that give maximum strength would not be
used. Instead, the aging temperature or the aging time might be
decreased so as to underage the material and, in this way, effecta
substantial increase in strength without a drastic reduction in ductil-
ity (Ref. 18). On the other hand, desirable intermediate properties
are sometimes achieved by overaging the material, that is, by using
higher temperatures or longer times than optimum.

Again, for a number of nickel-base alloys, especially those in
which more than one precipitating phase is available, a double aging
treatment has been developed. A treatment in the vicinity of 1550 F
precipitates M,3C¢ carbides and Niz(Al, Ti), while reheating in the
range of 1300 to 1400 F results in optimizing the particle size of the
Ni3(Al, Ti) precipitate and increasing the amount of this phase that is
precipitated. By means of this type of treatment, optimum creep
and rupture properties are often obtained. However, the M,,Cyq
carbides tend to precipitate along grain boundaries where they can
cause a marked decrease in ductility. Thus, when the ultimate in
high-temperature rupture and creep strength is not required, but
more than minimum ductility is needed, the 1550 F aging treatment
is omitted. However, it must be remembered that subsequent ser-
vice in the temperature range of 1500 to 1600 F or so will likewise
cause intergranular precipitation of the M 3C¢ carbides with the
attendant loss of ductility. As a consequence, the gain in ductility is
realized for service at room temperature and at elevated tempera-
tures below those at which M,3Cq carbides precipitate (Ref. 15).
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In a double aging sequence, the first treatment carried out at the
higher temperature is sometimes called the high-temperature aging
freatment, the intermediate aging treatment, or the stabilizing
treatment.

By increasing the internal energy of the material and the density
of precipitation sites, cold working accelerates aging reactions.
Thus, when cold-worked age-hardenable alloys are heated at aging
temperatures that are optimum for the solution-treated material,
the precipitates tend to appear early and overaging is likely to occur.
Accordingly, material that has been solution treated and then cold
worked is normally aged at lower temperatures and shorter times
than the same material not cold worked. Thus, heavily cold-worked
Monel K-500 may be aged at 1000 F for 6 to 10 hours, while the un-
worked alloy is aged at 1100 F for 16 hours (Ref. 18).

The prior solution-treating temperature may be changed for any
one of several reasons as indicated in the foregoing section on
annealing and solution treating. To achieve the desired type of prop-
erties to the optimum degree often requires development of aging
conditions specifically tailored to the solution treatment. For ex-
ample, to obtain maximum stress-rupture properties in René 41 bar
stock, a solution treatment at 2150 F followed by aging 4 hours at
1650 F may be used; however, for maximum room-temperature ten-
sile strength, the solution temperature is lowered to 1950 F and, at

the same time, the aging conditions are changed to 16 hours at
1400 F (Ref. 7).

In some nickel-base alloys the cooling rate from the age-
hardening temperature is important. This is true of Monel K-500.
For this alloy, achievement of optimum properties requires cooling
at a controlled rate from the aging temperature, or cooling in steps
spaced apart by a predetermined number of degrees of temperature
(Ref. 18).

Equipment and Procedures. Nickel alloys usually are
hardened in box equipment, such as is described in the section on
annealing and solution treating, or in car-bottom furnaces, such as
illustrated in Figure 3. Continuous furnaces are impractical be-
cause of the long times required for aging. Small parts are some-
times hardened in salt baths usually composed of mixtures of sodium,
potassium, and barium chlorides. The compositions of some of the
salt mixtures that are used are given in Table II.
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FIGURE 3. CAR-BOTTOM FURNACE USED
FOR HEATING IN AGE-
HARDENING TREATMENTS

Courtesy of the Huntington Alloy
Products Division, The Inter-
national Nickel Company, Inc.,
Huntington, West Virginia.

Electric furnaces are preferred because they offer the optimum
in temperature uniformity and control as well as in freedom from
contamination of the work. The next choice is gas-fired equipment,
especially furnaces of the radiant-tube type.

The only effective way to avoid oxidation during hardening is to
carry out the operation in a vacuum or sometimes in an ultrapure
inert gas This is feasible only for small parts and is not yet a gen-
eral commercial method. Usually, no effort is made to control
oxidation because, in most cases, the development of an oxide film
on the work is unimportant. On the other hand, semibright hardening
can be achieved, if deemed desirable, by using electrolytic hydrogen
dried to a dew point of -70 F or less or by using completely cracked
and dried ammonia. When bright or semibright hardening is not re-
quired, but extensive scaling is to be avoided, other atmospheres
may be used such as nitrogen, cracked natural gas free of sulfur,
cracked city gas, cracked hydrocarbons, or a generated gas. The
use of sulfur-free gases is necessary to avoid embrittlement of the
materials being aged (Ref. 18).
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All parts to be hardened should be free of dirt, lubricants, and
other foreign matter.

EFFECTS AT CRYOGENIC TEMPERATURE

Metallic materials can be affected in several different ways
when the temperature is reduced from ambient into the cryogenic
range. For instance, the physical and mechanical properties of the
material usually change, to a greater or lesser extent, as the tem-
perature is decreased. This type of effect can be looked upon as an
environmental influence. In general, the tensile strength and the
yield strength of nickel and nickel-base alloys increase moderately
as the temperature is decreased below room temperature. In some
cases the ductility is not greatly affected, while in other instances it
may decrease or increase.

Another cryogenic effect can be illustrated in the hardening of
quenched- and tempered-alloy steels and semiaustenitic stainless
steels. A step consisting of cooling to, and holding at, a cryogenic
‘temperature is often inserted immediately after the quenching step
prior to tempering. Its function is to bring the martensite transfor-
mation to completion and, by doing so, increase the strength of the
material. Thus, when used for this purpose, reduction of the ma-
terial's temperature to cryogenic levels can be considered as a
thermal treatment. However, the majority of nickel alloys do not
have low-temperature phase changes and transformations and,
therefore, they are not benefited by such a cryogenic treatment.

Finally, metal forming has been carried out at cryogenic tem-
peratures. In a sense, the operation can be classified as a type of
thermmomechanical treatment. Thus far, however, it has been lim-
ited to AISI Type 301 and similar chromium-nickel stainless steels
that are capable of undergoing transformation to martensite at low
temperatures. When this fype of steel is formed at cryogenic tem-
peratures it experiences a greater increase in strength than when
the steel is subjected to the same forming operation at room tem-
perature. In addition, the steel displays a greater amount of uniform
elongation when worked at cryogenic temperatures and, consequently,
can successfully negotiate more severe forming operations at low
temperatures than at room temperature. So far as is known, how-
ever, nickel and nickel-base alloys are not formed at cryogenic
temperatures, and the supposition is that their deformation charac-

teristics are not greatly altered by decreasing the temperature below
ambient.
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MECHANICAL TREATMENTS

HOT WORKING

In this section, comments are made on a number of important
aspects of hot and cold working. The objective is to point out factors
and considerations that are peculiar to nickel and nickel-base alloys
rather than to discuss hot- and cold-working operations in detail.
Since this report is concerned primarily with the effect of the treat-
ments on mechanical properties, a detailed discussion of the me-
chanics of the operations is beyond its scope.

Fuels. One of the most important factors in successfully
hot working nickel and nickel-base alloys is the selection of a satis-

factory fuel to heat the material. As indicated in the section on
annealing and solution treating, high-nickel alloys are susceptible to
attack by sulfur during heating and, therefore, exposing them at

high temperatures to sulfur-containing atmospheres or other sources
of sulfur must be scrupulously avoided. The most common source
of sulfur is the fuel and, therefore, care must be taken to use only
low=-sulfur fuels.

Low-sulfur natural gas is one of the best fuels. Manufactured
gases low in sulfur are also satisfactory, as are butane and propane.
Coal and coke are generally unsatisfactory not only because they are
often high in sulfur but also because it is difficult to maintain the
proper heating conditions when using these fuels (Ref. 22).

Comments on Heating Conditions. The atmosphere sur-
rounding the work while it is being heated to the hot-working tem-
perature should not only be sulfur-free but also slightly reducing. A
minimum content of 2 per cent carbon monoxide is recommended.
The reason for using a reducing atmosphere is to minimize scale
formation; the scale built up on nickel-base alloys at high tempera-

ture is adherent and does not break away and slough off readily as
the scale on plain-carbon and low-alloy steels does. In other words,
nickel alloys are not 'free scaling'.

Regarding sulfur contamination, it is important to provide
against other sources of sulfur in addition to the heating atmosphere.
Slag and cinder on the hearth may contain sulfur; therefore, the
metal is supported on rails or other suitable shapes. For the same
reason, pickling salts, oil, grease, and marking paints are removed
from the metal before heating (Ref. 22).
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The metal should be heated at the recommended temperature.
Operating the furnace excessively hot to speed up production is ill
advised, as is raising the heating temperature to compensate for
loss in temperature on transferring the work to the hammer or other
forming equipment. Both practices invite incipient melting of the
metal. The stock should be turned frequently to aid uniformity of
heating, and direct-flame impingement should be avoided.

The heating time should be no more than necessary to insure
that the work has been thoroughly heated through to the proper tem-
perature. For most alloys, no more than 1/2 hour per inch of
thickness is necessary. Soaking is not recommended (Ref. 22).

Notes on Working. Hot-working operations should begin
immediately after pulling the stock from the furnace. Even a short
time lapse may allow surface temperature to drop 100 to 200 F
(Ref. 23).

In forging nickel-alloy ingots, light rapid blows are used until
the cast structure is fairly well refined. After perhaps 40 per cent
reduction heavier blows may be struck. In the initial stages of
working, the general shape of the ingot is not changed substantially.
For example, in making a round from a square ingot, the metal is
first worked into the shape of an octagon that is then rounded.

Hammer forging has some advantages over press forging. The
metal can be worked more rapidly and the time the metal is in con-
tact with the dies can be held to a minimum and, thus, the oppor-
tunity for localized chilling is reduced.

Forging temperature and per cent reduction during forging may
have a profound effect on final mechanical properties, largely
through the influence of these variables on grain size. Of particular
importance in this regard is the finishing temperature and the amount
of reduction in the final pass, i.e., the lower this temperature and
the greater the reduction the finer will be the grain size (Ref. 22).

It is important to work the metal within the recommended tem-
perature range. Working too hot invites burning and incipient
melting, while working the metal too cold may cause it to crack and
split. Age-hardenable alloys should be fast cooled after hot work-
ing. If slow cooled through the age-hardening range, they will par-
tially harden making machining difficult and making it necessary to
solution anneal to achieve proper response when subsequently aged.
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Nickel-base alloys can be hot bent successfully as well as hot
upset and impact extruded. However, these operations are not car-
ried out on ingots or other castings because of the probability of
cracking. Ingots are generally worked at least 75 per cent before
undergoing other hot-forming operations (Ref. 23).

Finally, when cracks or tears develop during a hot-working
operation, they are removed because they will not heal during sub-
sequent working. Rather, they will worsen. A frequently satis-
factory way to remove cracks and tears is to grind them out while
the metal is still hot instead of waiting until the metal is cold and
either chipping or grinding. Some alloys tend to heat check if
ground cold, especially when they are in the cast form or have been
only lightly worked.

COLD WORKING

Mill Products. Wrought nickel and most nickel-base alloys
can be cold worked successfully and, consequently, are available
from the mill in numerous cold-worked forms such as cold-rolled
sheet and strip, and cold-drawn rod, tubing and wire. Because
nickel work hardens considerably and wrought nickel alloys often
work harden to a great extent, substantially higher strength is usu-
ally available in a cold-worked form than in annealed material. On
the other hand, the increase in yield strength and ultimate tensile
strength resulting from cold working is obtained at a corresponding
sacrifice in ductility and toughness.

In common with most other wrought metals and alloys, cold-
rolled nickel and nickel-alloy sheet and strip tend to display
anisotropy with respect to mechanical properties. In particular,
the ductility and toughness in the transverse direction are usually
substantially less than in the rolling direction. The degree of
anisotropy is strongly influenced by the rolling and process-annealing
schedules.

There is also a tendency toward the development of a grain
structure in sheet and strip that has a preferred orientation. In
fact, a preferred grain orientation may persist even when the metal
is fully annealed after being cold rolled. These characteristics are
shared with many other metallic materials. Sheet that has a grain
structure showing pronounced preferred orientation does not deform
in a uniform manner and shows the familiar ""earing'' phenomenon
when cold formed in certain ways, especially when deep drawn.
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As is the case with anisotropy in mechanical properties, the degree
of preferred orientation displayed in sheet material is strongly influ-
enced by the frequency of intermediate anneals, the amount of reduc-
tion between anneals, the extent of cross rolling, and other factors.

Wrought nickel and some nickel-base alloys are available in a
number of different tempers, that is, a number of different degrees
of cold working. This is especially the case for sheet and wire.
And, of course, the more heavily cold-worked material has the
higher strength and the lower ductility and toughness.

In addition, some wrought age-hardenable nickel-base alloys can
be obtained as cold rolled or as cold drawn and then aged. The usual
forms in which such material is available are strip and wire. By
cold working the material and then aging it, extraordinarily high
strength is obtainable. Tensile strength values in the vicinity of
200,000 psi and above can be reached. This combination of solution
treating, cold working, and aging is the only type of thermomechan-
ical treatment applied to nickel-base alloys in commercial practice.

Cold Forming. Most wrought nickel-base alloys can be cold
formed to a greater or lesser degree. They tend to work harden
rapidly and, therefore, require frequent intermediate anneals. For
age-hardenable alloys, these anneals should actually be solution
treatments. These alloys can be press formed or drawn; they can
also be spun if a sufficient number of process anneals is used.

Occasionally the material is placed in service in the cold-formed
condition. In the case of age-hardenable alloys, they may sometimes
be put in service as cold formed and aged in order to take advantage
of the high strength developed by this combination of treatments.
Springs made of age-hardenable nickel-base alloys are usually pro-
cessed in this manner.

On the other hand, in many cases, the amount of cold working
and, hence, the degree of strengthening, throughout the cold-formed
part is nonuniform and not well known. Rather than place any re-
liance on the strength obtained from this source, it is usually better
practice to solution treat and age the finished part. Again, the
strength imparted by cold working diminishes and tends to disappear
when the material is used in an application involving elevated
temperatures.
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EFFECT OF THERMAL AND MECHANICAL
TREATMENTS ON MECHANICAL
PROPERTIES OF THE ALLOYS

The preceding discussion has directed attention to the variety of
thermal and mechanical operations that may enter into the fabrication
of nickel and nickel alloys. These all influence the mechanical prop-
erties of the materials to some extent, and a knowledge of the effects
is of vital importance. Therefore, there are continuing investiga-
tions to determine mechanical properties of the alloys in various
forms and conditions. The published results of these investigations
show that determination of mechanical properties is undertaken with
various objectives in mind. Among these are:

(1) To provide nominal data for inclusion in brochures
published by producers of the alloys

(2) To provide minimum or guaranteed property data
that are useful for designers and engineers

(3) To determine variation in properties between differ-
ent heats of metal from one producer

(4) To compare properties obtained on the same type of
alloy from several producers

(5) To determine whether commercial material has the
desired properties for specific applications from
data obtained by contractors and other prospective
consumers of an alloy.

(6) To provide data on the properties of the alloys after
they have received one or more of the thermal and
mechanical treatments described above

(7) To determine the effect of modifications in heat-
treatment practices that are suggested or investi-
gated to overcome various production or service
problems

(8) To correlate mechanical properties with various other
factors such as phase changes, precipitation of inter-
metallic compounds, and similar phenomena in basic
studies on the physical metallurgy of the alloys.
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A very large quantity of data has been accumulated to satisfy
these objectives, and it is outside the scope of this report to attempt
a comprehensive discussion of the literature on the subject for each
alloy. Instead, tabulations and figures are included for each alloy
illustrating the effect of standard thermal and mechanical treatments
on several mechanical properties. Also, the effects of certain
modifications in treatment have been included for some of the more
complex alloys to indicate the changes in properties that may be
expected under certain circumstances.

In the following sections, the selected information is presented
separately for each alloy. The extent and quantity of data presented
depends on the form of the alloy (whether wrought or cast), on the
number of thermal and mechanical operations that are normally used
for the alloy, and on the degree of interest and usefulness of the alloy
in the aerospace industry.

NICKEL

The data presented in Tables IV to XI and in Figures 4 and 5
illustrate the differences in the mechanical properties of nickel re-
sulting from various degrees of cold work, compared with the an-
nealed and hot-worked material. Table IV shows that the tensile
properties of nickel can vary over a wide range depending on its
cold- or hot-worked condition. As might be expected, tensile
strength, yield strength, and hardness are increased by increasing
degree of cold work, while the ductility is decreased. A certain
amount of ductility is retained, however, in the cold-worked and
spring tempers. The hardness ranges for various mill products in
relation to their condition is shown in Table VIII. In Table IX, it can
be seen that nickel retains its tensile properties up to about 600 F.
The good properties at cryogenic temperatures are indicated in
Tables X and XI. These data show that the toughness of nickel in the
annealed, hot-rolled, or cold-drawn conditions, as measured by the
Charpy-V notch test, remains essentially unchanged down to a tem-
perature of =300 F, with little effect attributed to the condition of the
material. Similar results from other tests at very low temperatures
are shown in Figures 4 and 5.
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TABLE IV. MECHANICAL PROPERTIES OF WROUGHT NICKEL IN VARIOUS
FORMS AND CONDITIONS (REF. 1)

Tensile Yield Strength ~ Elongation  Hardness, Hardness,
Strength,  (0.2% Offset), in 2 Inches, Brinell Rockwell
Form and Temper 1000 psi 1000 psi per cent (3000 kg) B
Wire
Cold drawn
Annealed 55-85 15-50 50-30 -- --
No. 0 temper 80-95 -- -- -- -
No. 1 temper 70-95 40-15 40-20 -- -=
Regular temper 105-140 105-135 15-4 -- -
Spring temper 125-145 105-135 15-2 -- ==
Rod and bar
Cold drawn
Annealed 55-80 15-30 55-40 90-120 45-10
As drawn 65-110 40-100 35-10 140-230 75-98
As rolled 60-85 15-45 55-35 90-150 45-80
Forged, hot finished 65-90 20-60 55-40 100-170 55-85
Plate
Hot rolled
Annealed 55-80 15-40 60-40 90-140 45-75
As rolled 55-85 20-50 55-35 100-150 55-80
Sheet
Annealed 55-15 15-30 55-40 -- 70 max
Hard 20-115 70-105 15-2 -- 90 min
Strip
Annealed 55-15 15-30 55-40 -- 64 max
Spring 90-130 70-115 15-2 -- 95 min
Tubing
Cold drawn
Annealed 55-75 20-30 60-40 -- 70 max
Hard, stress relieved 65-110 40-90 35-15 -- 76-98
Condenser and evaporator
Annealed 55-175 15-30 60-40 -- 65 max
Stress relieved 65-90 40-175 35-20 -- 76-92
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TABLE V. COMPRESSION, TENSION, AND HARDNESS DATA FOR NICKEL RELATED

TO WORKED CONDITIONS (REF. 1)

’

All strength data taken to nearest 1000 psi.

Hot Cold Drawn,
Rolled 24 Per Cent Anncaled
Compression data
Yield strength (0.2% offset), 1000 psi 23 58 26
Proportional limit, 1000 psi 18 41 15
Tensile data
Breaking strength, 1000 psi 71 87 73
Yield strength (0.2% offset), 1000 psi 24 62 217
Proportional limit, 1000 psi 18 52 19
Hardness data
Brinell (3000 kg) 107 177 109
TABLE VI. SHEAR STRENGTH OF ANNEALED AND HARD NICKEL (REF. 1)
All strength data taken to nearest 1000 psi.
Shear Tensile
Strength, Strength, Hardness,
Temper 1000 psi 1000 psi Rockwell B
Annealed 52 68 46
Half-hard 58 79 90
Full-hard 75 121 100
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TABLE VII. FATIGUE AND CORROSION-FATIGUE LIMITS OF NICKEL (REF. 1)

Stress to Cause Failure(3), 1000 psi

No. of Gold-Drawn Rod Tested in Annealed Rod Tested in

Cycles Air Fresh Water Seawater Air Fresh Water Seawater
104 109 110 - - -- --
109 84 80 -- 52 52 52
108 63 56 54 40 39 37
107 52 34 30 34 27 24
108 50 26 23 33 23 21
109 50 24 21 33 23 21

() The stress given is the stress in once direction only. The method of testing causes stress to vary
from these values in tension to the same values in compression, and return, during cach cycle of
operation.

TABLE VIII. TEMPER AND HARDNESS OF COLD-ROLLED NICKEL 200
AND LOW -CARBON NICKEL 201 SHEET AND
STRIP (REF. 1)

Condition or Hardness, Rockwell B
Temper Nickel 200 Nickel 201
Shect
Spinning quality 64 max 55 max
Dcep drawing 64 max 55 max
Annealed 70 max 62 max
1/4-hard 70-80 --
1/2-hard 79-86 --
Hard 90 min --
Strip
Spinning quality 64 max 55 max
Deep drawing 64 max 55 max
Annealed 64 max 55 max
Skin hard 64-10 --
1/4-hard 70-80 --
1/2-hard 79-86 --
3/4-hard 85-91 --
Hard 90-95 --
Spring (full hard) 95 min -
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TABLE X. SOME MECHANICAL PROPERTIES OF NICKEL AT LOW TEMPERATURES (REF. 1)

Yield
Strength

(0.2% Tensile Elongation Reduction Hardness,

Temperature, Offset), Strength, in 2 Inches, in Area, Rockwell
Condition F 1000 psi 1000 psi per cent per cent C
Hot rolled RT 24 65 50.0 -~ .-
Hot rolled -112 217 76 -- -- --
Hot rolled -292 28 98 -- -- --
Hot rolled -310 -- 103 51.0 -- -~
Cold drawn RT 97 103 16.3 66. 9 19
; Cold drawn -110 101 112 21.5 60.9 22

TABLE XI. IMPACT STRENGTH OF NICKEL IN VARIOUS CONDITIONS AT VERY LOW
TEMPERATURES (REF. 24)

Impact Energy, ft-1b
Condition 80 F -110 F -300 to =315 F Specimen
Annealed 216 235 234 Charpy-V
Hot rolled 195 236 221 Charpy -V
Cold drawn 185 205 210 Charpy -V
Cold drawn 204 216 -- Charpy -V
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MONEL K-500

Monel K-500 is an age-hardenable nickel-copper alloy containing
aluminum and titanium. Particles of Ni3(Al, Ti) precipitate through-
out the matrix during the age-hardening heat treatment to develop
increased strength and hardness. The alloy is used in applications
where considerable strength is required in addition to corrosion
resistance (Ref. 2).

Annealing. Annealing to soften the matrix after cold work-
ing may be achieved with temperatures as low as 1400 to 1600 F, but
heating at 1800 to 1900 F (a solution treatment) is recommended for
optimum response to subsequent age hardening (Ref. 25). For work
that is to be age hardened, it is important to water quench quickly
from the heating temperature to avoid partial precipitation of the age-
hardening phase. The effect of water quenching from temperatures
below the optimum solution-treatment temperature on the hardness is
shown in Figure 6. The increased hardness obtained if the alloy is
heated at the lower temperatures, or if allowed to cool to such tem-
peratures before quenching, reflects the effect of precipitation of the
age-hardening constituents in the matrix. The approximate time at
various temperatures required to soften the material is shown in
Figure 7. In this and other heating operations for Monel K-500, it
is necessary to hold the furnace time to the minimum required to
heat the piece to temperature throughout. This will depend on the
thickness of the piece being heated. Prolonged heating has a detri-
mental effect on the ductility (Ref. 17).

Age Hardening (Ref. 25). The following procedures are
recommended for obtaining maximum properties.

(1) Soft material (140-180 Brinell, 75-90 Rockwell B).

Hold for 16 hours at 1080 to 1100 F followed by fur-
nace cooling at the rate of 15 to 25 F per hour to
900 F. Cooling from 900 F to room temperature
may be carried out by furnace or air cooling, or by
quenching, without regard for cooling rate.

This procedure is suitable for as-forged and quenched
or annealed forgings, for annealed or hot-rolled rods
and large cold-drawn rods (over 1-1/2-inch diameter)
and for soft temper wire and strip.
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(2) Moderately cold-worked material (175-250 Brinell,
8-25 Rockwell C)

Hold for 8 hours or longer at 1080 to 1100 F, followed
by cooling to 900 F at a rate not to exceed 15 to 25 F
per hour. Higher hardnesses can be obtained by hold-
ing for as long as 16 hours at temperature, particularly
if the material has been cold worked only slightly. As
a general rule, material with an initial hardness of
175-200 Brinell should be held the full 16 hours. Ma-
terial close to the top figure of 250 Brinell (25 Rock-
well C) should attain full hardness in 8 hours.

These procedures are applicable to cold-drawn rods,
half-hard strip, cold-upset pieces and intermediate
temper wire.

(3) Fully cold-worked material (260-325 Brinell, 25-35
Rockwell C).

Hold for 6 hours or longer at 980 to 1000 F followed
by cooling to 900 F at a rate not exceeding 15 to 25 F
per hour. In some instances slightly higher hard-
nesses may be obtained (particularly with material
near the lower end of the hardness range) by holding
8 to 10 hours at temperature.

This procedure is suitable for spring temper strip,
spring wire, or heavily cold-worked pieces such as
small, cold-formed balls.

Room-Temperature Properties. The nominal room-
temperature mechanical properties for various forms of the alloy
heat treated according to these procedures are summarized in
Table XII. The table also includes data illustrating the effect of
cold or hot working, and of annealing on the properties. Cold work-
ing or aging increase the strength appreciably in all forms of the
alloy. Still higher strength may be achieved by cold working prior
to age hardening. Figure 8 shows the effect of cold work and of cold
work plus age hardening on the tensile strength.

Modifications of the aging procedures are possible where it may
be desired to shorten the time or to obtain intermediate mechanical
properties. Information that may be used as a guide for establishing
suitable procedures is given in Figure 9 and Table XIII.

41



TABLE XII, NOMINAL MECHANICAL PROPERTIES OF MONEL K-500 IN VARIOUS FORMS AND
CONDITIONS (REF. 25)

Tensile  Yield Strength Hardness
Strength,  (0.2% Offset), Elongation,  Brinell
Form and Condition 1000 psi 1000 psi per cent (3000 kg) Rockwell

Rod and bar

Hot finished 90-155 40-110 45-20 140-315 76B-35C

Hot finished, aged(®) 140- 190 100-150 30-20  265-346  27-38C

Hot finished, annealed 90-110 40-60 45-25 140- 185 75-90B

Hot finished, annealed and aged(a) 130-165 85-120 35-20 250-315 24-35C

Cold drawn, as drawn 100-140 70-125 35-13 175-260 88B-26C

Cold drawn, aged(2) 135-185 95-160 30-15  255-370  25-41C

Cold drawn, annealed 90-110 40-60 50-25 140-185 75-90B

Cold drawn, annealed and aged(a) 130-190 85-120 30-20 250-315 24-35C
Sheet, cold rolled, annealed 90-105 40-65 45-25 -- 85B max
Strip, cold rolled

Annealed 90-105 40-65 45-25 -- 856B max

Annealed and aged(a) 130-170 90-120 25-15 -- 24C min

Spring temper 145-165 130-160 8-3 -- 25C min

Spring temper, aged(®) 170-220 130-195 10-5 -- 34C min
Tube and pipe, seamless

Cold drawn, anneated 90-110 40-65 45-25 -- 90B max

Cold drawn, annealed and aged(® 130-180 85-120 30-15 -- 24-36C

Cold drawn, as drawn 110-160 85-140 15-2 -- 95B-32C

Cold drawn, as drawn, aged(?) 140-220 100-200 25-3 -- 27-40C
Plate

Hot finished 90-135 40-110 45-20 140-260 75B-26C

Hot finished, aged(®) 140-180 100-135 30-20  265-337  27-37C
Wire, cold drawn(b)

Annealed 80-110 35-65 40-20 -- --

Annealed and aged(®) 120-150 90-110 30-15 - -

Spring temper 145-190 130-180 5-2 -- --

Spring temper, aged(a) 160-200 140-190 8-3 -- --

(a) Nominal properties for material age hardened to produce maximum properties.
(b) Properties shown are for sizes 0. 0625 to 0.250-inch diameter. Properties for other sizes may
differ from these.
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TABLE XIll, EFPECT OF SHORT-TIME AGING PROCEDURES ON TENSILE PROPERTIES OF MONEL K-500(8) (REF. 25)

Tensile Properties

Yield
Strength,
Thermal Treatment (0.2% Tensile Hardness,
Temperature, Time, Offset), Strength, Elongation, Rockwell
Condition £ hr 1000 psi 1000 psi per cent c
Rod, hot
rolled . 0 45 93 44 82B
1100 2 82 132 36 17
1100 4 86 136 34 20
1100 8 90 142 33 22
Strip,
annealed - 0 50 100 39 85B
1100 2 90 142 31 24
1100 4 96 141 27 25
1100 8 98 140 27 26
Strip, cold
rolled 10
per cent -- 0 90 111 217 19
1100 2 122 155 23 31
1100 4 122 155 21 31
1100 8 123 156 21 31
1000 2 124 141 24 31
1000 4 123 144 23 31
1000 8 129 149 22 32
Strip, cold
rolled 20
per cent - 0 115 125 14 23
1100 2 140 163 18 34
1100 4 142 163 18 33
1100 8 141 163 18 33
1000 2 143 169 11 34
1000 4 143 170 18 34
1000 8 148 174 18 35
Strip, cold
rolled 40
per cent -- 0 136 143 5 27
1100 2 159 175 14 37
1100 4 159 176 14 36
1100 8 156 174 14 36
1000 2 165 182 11 a1
1000 4 164 183 14 37
1000 8 167 184 13 38
Strip, cold
rolled 50
per cent -- 0 141 148 4 29
1100 2 166 179 12 38
1100 4 165 181 12 38
1100 8 161 177 13 38
1000 2 173 187 10 39
1000 4 174 189 13 39
1000 8 174 189 11 39

(a) These data are offered as a guide to short-time aging treatments and are not suitable for specification purposes.
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Room-temperature data on other properties of the alloy — shear
strength, bearing strength, compressive strength, torsional proper-
ties, impact strength, and fatigue resistance — are given in Tables
XIV through XIX. Each of these tables gives the respective proper-
ties of the alloy in several conditions, thereby illustrating the influ-
ence of various thermal and mechanical treatments.

High- Temperature Properties. Short-time high-
temperature properties of rod are summarized in Table XX. The
data show the effect of age hardening hot-rolled rod. Tensile and
yield strengths of the age-hardened material are considerably higher
than those of the as-rolled material at temperatures up to about
1000 F. Likewise, up to at least 600 F, the strength of hot-rolled
and aged material is slightly higher than that of the alloy when cold
drawn, annealed, and then age hardened. Stress-rupture and creep-
strength data are given in Tables XXI and XXII, and elevated-
temperature fatigue-strength and hot-hardness data are given in
Tables XXIII and XXIV.

Low-Temperature Properties. Monel K-500 has very good
low-temperature properties, allowing its use in cryogenic applica-
tions at temperatures as low as that of liquid hydrogen. The tensile
properties of the alloy in the cold-drawn, and cold-drawn and aged
conditions at temperatures down to -423 F, are shown in Figures 10
and 11. Tensile and yield strengths for the cold-drawn material in-

crease with a decrease in temperature, while the elongation remains
essentially constant. The same is true for the age-hardened mate-
rial although in this case results are shown only for temperatures
down to -100 F. Additional data for age-hardened 0. 020-inch sheet
are given in Table XXV, showing results obtained to -423 F. The
elongation and notched-unnotched ratios are higher at -423 F than at
room temperature. Results of tests conducted at the Marshall Space
Flight Center (Ref. 27) for this alloy are shown in Figure 12. An-
nealed and age-hardened 0.063-inch sheet specimens, both longi-
tudinal and transverse to the rolling direction, were tested at tem-
peratures from room temperature to -423 F. Figure 12 shows that
the tensile and yield strengths of age-hardened material are higher
than those of the annealed specimens at all temperatures, while the
elongation is somewhat lower. However, in both conditions, tensile
and yield strengths increased with decreasing temperature, while
the elongation remained virtually unaffected.
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TABLE X1V, SHEAR STRENGTH OF MONEL K-500(*) (REF, 25)

Deflection at

Maximum Maximum Tensile Hardness,

Strength, Strength, Strength, Elongation, Rockwell
Condition 1000 psi in, /in, 1000 psi per cent C

Annealed 65 0,08 97 49,0 848

Annealed, aged 96 0,06 147 29.0 29
Half-hard T1 0,04 122 12,5 25
Half-hard, aged 98 0.05 155 24,0 31
Full-hard 89 0,04 1561 16.5 33
Full-hard, aged 98 0,04 168 12,5 37

(a) The tests were made in double shear.

TABLE XV. BEARING STRENGTH OF MONEL K-500(3) (REF. 25)

Bearing Strength

Yield
Strength
(2 Per Cent
Tensile Properties Ultimate Enlargement
Yield Strength Strength of Hole
Tensile (0,2 Per Cent (Tearing Diameter in Ratio, Bearing to
Strength, Offset), Elongation, Out), Sheet), Ultimate  Yield
Condition 1000 psi 1000 psi per cent 1000 psi 1000 psi Strength  Strength
Annealed 92 38 49,0 178 68 1,93 1.79
Annealed, 145 98 31,0 295 162 2.03 1.65
aged
Hard 145 139 5.0 249 190 1,72 1,37
Hard, aged 195 177 10.0 358 262 1,83 1,48

(a) Bearing strength data were determined with 0, 062 x 1,25 x 2. 5-inch material having a 3/16-
inch hole drilled 3/8 inch from the edge The pin fitted closely into the hole, The maximum
load for tearing out of the hole and the load required for a permanent enlargement of the hole
diameter by 2 per cent were determined and calculated as ultimate and yield strengths,
respectively, in bearing.
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TABLE XVI, COMPRESSIVE STRENGTH OF MONEL K-500 (REF. 25)

Hot Rolled Cold Drawn
Property AsRolled Aged AsDrawn Aged
Hardness
Brinell (3000 kg) 165 300 205 330
Rockwell C 5 33 23 35
Vickers (30 kg - diamond pyramid) 167 316 210 336
Tension
Tensile strength, 1000 psi 100 151 106 158
Yield strength (0. 2 per cent offset), 417 111 85 120
1000 psi
Elongation, per cent 42.5 30,0 -~ 26,56 22,0
Compression
Yield strength (0, 2 per cent offset), 40 121 76 121
1000 psi
Yield strength (0, 01 per cent offset), 34 96 55 102
1000 psi

TABLE XVII, TORSIONAL PROPERTIES OF MONEL K-500 (REF. 25)

Yield Strength
(0.00 Per Cent  Johnson's Apparent

Offset)(2), Elastic Limit, Angle of Twist,
Condition 1000 psi 1000 psi deg/in,
Hot rolled 217 29 620
Hot rolled, aged 57 67 104
Cold drawn 48 55 360
Cold drawn, aged 62 71 76
(a) 55 = 08 M
4s

where  Ss = torsional stress on the outer fiber, psi
Mt = torsional moment, in-lb
d = specimen diameter, in.
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TABLE XVIII, ROOM-TEMPERATURE IMPACT DATA FOR MONEL K-500

(REF. 25)
Charpy Keyhole
Test Impact Strength,
Condition Orientation ft-lb
Hot finished Longitudinal 74
Transverse 51
Hot finished, annealed(2) Longitudinal 75
Transverse 48
Hot finished, aged(b) Longitudinal 39(c)
Transverse 23(c)
Hot finished, aged(c) Longitudinal 25(c)
Transverse 20(c)
Hot finished, annealed and aged(¢) Longitudinal 38(c)
Transverse 29(c)
Cold drawn Longitudinal 40
Cold drawn, annealed(?) Longitudinal 90
Cold drawn, aged(b) Longitudinal 26(c)
Cold drawn, aged(d) Longitudinal 20(c)
Cold drawn, annealed and aged(e) Longitudinal 46(c)

(a) 1800 F/1 hour, water quench,
(b) 1100 F/16 hours, air cool,
(c) Specimen fractured completely,

(d) 1100 F/16 hours, FC 15/hour to 900 F.

(e) Anneal (a) plus age (d).

TABLE XIX, DATA ON THE FATIGUE RESISTANCE OF MONEL K=500

Endurance Limit Tensile
(108 Cycles), Strength, Endurance
Condition 1000 psi 1000 psi Ratio
Endurance Limits of Rod(2)
Annealed 38 88 0.43
Hot rolled 43 99 0.43
Hot rolled, aged 51 155 0.33
Cold drawn 45 120 0.317
Cold drawn, aged 417 170 0.28

Endurance Limit of Strip(b)

Annealed 21
Spring temper, aged 317

88 0,31
153 0,24
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(a) The data for rod were developed on high-speed rotating beam fatigue

machines using simooth polished specimens,

(b) Specimens were subjected to alternate back and forth bending as a flat spring. The tests
were cut with the longitudinal direction parallel to the direction of rolling.




TABLE XX.

SHORT -TIME ELEVATED-TEMPERATURE TENSILE PROPERTIES OF MONEL K-500 ROD

IN SEVERAL CONDITIONS (REF, 25)

Tensile Yield Strength
Temperature, Strength, (0. 2% Offset), Elongation,
F 1000 psi 1000 psi per cent
Rod, Hot Rolled, As Rolled
70 97 49 44,0
200 96 45 42.5
400 92 44 42,0
600 94 36 39.5
800 87 39 29,5
1000 72 42 13.5
1200 63 44 2.5
1400 36 117 22.5
1600 15 -- 53,0
1800 10 -- 65,5
Rod, Hot Rolled, Age Hardened
70 160 111 23.5
200 150 108 23.5
400 149 103 24.0
600 146 105 23.0
800 124 105 8.9
1000 95 92 3.0
1200 80 80 1.5
1400 45 30 8.0
1600 21 -- 23.0
1800 6 .- 47.5
2000 3 - 81.95
Rod, Cold Drawn, Annealed, and Age Hardened

70 156 105 23.0
200 152 101 22,0
300 148 98 22.0
350 147 96 21.0
400 147 96 22.0
450 144 98 21,0
500 143 94 21.0
550 143 96 20,0
600 142 96 20,0
700 138 95 20.0
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TABLE XXI. STRESS-RUPTURE STRENGTH OF MONEL K-500 (REF. 25)

Temperature, Stress, 1000 psi, to Produce Rupture in
Condition F 100 Hours 1000 Hours 10, 000 Hours
Hot finished, aged 900 66 46 33
1000 42 30 21
1100 34 217 20

TABLE XXII. CREEP STRENGTH OF MONEL K-500 (REF. 25)

Stress, 1000 psi, to Produce a Creep Rate of

Temperature, 0.10 Per Cent 1. 00 Per Cent

Condition F in 10, 000 Hours in 10, 000 Hours
Cold drawn, aged 750 68 --
800 417 88
900 25 48
1000 8 21
1100 -- 9

TABLE XXIII, ENDURANCE LIMIT OF MONEL K-500 AT 1000 F (REF. 25)

Endurance Limit

Temperature, (108 Cycles),
Condition F 1000 psi
Hot finished, aged 80 46
1000 43
Cold drawn, aged 80 52
1000 48

TABLE XXIV, HOT HARDNESS OF MONEL K=~500 (REF, 25)

Hardness, Brinell, at Temperatures, F
Condition 70 700 800 900 1000 1100

Hot finished 241 223 207 201 170 179
Hot finished, aged 331 311 302 293 235 229
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TABLE XXV. TENSILE PROPERTIES OF MONEL K-500 SHEET AT CRYOGENIC TEMPERATURES (REF. 26)

0. 020-inch sheet, age hardened 1080 F /16 hours,

Notched -

Test Yield Tensile Unnotched
Temperature, Strength, Strength, Elongation, Ratio,

F Direction 1000 psi 1000 psi per cent K;=6.3
78 Long. 97.3 154 22 0.93
-100 Long. 107 166 24 0.93
=320 Long. 120 183 30 0.95
-423 Long. 136 200 28 0. 99

. 4 -
23 00 O- Solution annealed
é g 300 0O- Age hardened -
$g 200 8:8:8:_8 8—
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FIGURE 12. TENSILE PROPERTIES OF MONEL K-500 AT
CRYOGENIC TEMPERATURES (REF. 27)

0.063-inch sheet annealed and aged 16 hours
at 1100 F.
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Tension and bending impact strengths have been determined on
smooth and notched specimens down to -200 F. The results are
tabulated in Tables XXVI and XXVII. Ductile fractures were shown
by all test pieces.

TABLE XXVI, BENDING IMPACT STRENGTH OF MONEL K-500 (REF. 25)

Average Energy Absorbed, ft-lb

Notched Specimen,

Smooth Specimen Ky 4,00
Condition -200 F -120F +80F -200 F +80 F
Hot finished, aged -- -- -~ 42 50 55
Cold drawn, aged -- -- 185 30 30 32

TABLE XXVII. TENSION IMPACT STRENGTH OF MONEL K-500 (REF. 25)

Average Energy Absorbed, ft-1b

Notched Specimen,

Smooth Specimen K;=3.00
Condition -200 F -120 F +80F -200 F -120F +80 F
Hot finished, aged 158 145 141 37 37 35
Cold drawn, aged 127 108 117 34 28 29

Decrease in temperature also increases fatigue strengths as
shown in Table XXVIII. The material used in these tests was 0.051-
inch sheet, cold-rolled half-hard and aged, with a tensile strength of
182,000 psi. Tests were in flexure (R = -1) at 1800 cpm except those
at -423 F, which were 3450 cpm.

TABLE XXVIII. FATIGUE STRENGTH AT LOW TEMPERATURES OF MONEL K-500 (REF. 25)

Temperature, Stress, 1000 psi, for a Fatigue Life of
F 109 Cycles 108 Cycles 107 Cycles
70 90 59 317
-110 99 67 --
-320 106 69 --
-423 143 101 --
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INCONEL X-750

Inconel X-750 is an age-hardenable nickel-chromium-iron alloy
containing the aluminum and titanium required to form the hardening
component, Niz(Al,Ti). The nature and composition of the chro-
mium carbides that are formed during heat treatment also influence
the mechanical properties. The alloy is useful in applications re-
quiring corrosion and oxidation resistance, and has high creep-
rupture strength at temperatures up to about 1500 F. The alloy also
retains its properties to liquid-hydrogen temperature and may be
used for cryogenic applications. Various heat treatments are em=
ployed, depending on the application and properties desired.

Annealing. For maximum degree of softening, bar stock is
generally mill annealed at 2000 F for 45 minutes and air cooled.
The hardness of material after heating at this and other temperatures
is shown in Figure 13. Relatively high strength is retained after
annealing at lower temperatures. Typical room- and elevated-
temperature tensile properties of round bar annealed at 1750 F are
given in Table XXIX.

Age Hardening. Several standard heat treatments have been

recommended for various forms of the alloy (Refs. 28,29). Some of
these are designed to develop high creep and rupture strengths at
temperatures above 1100 F. Others are suggested for application of
the alloy at lower service temperatures. Modifications have been
developed that reduce the heating time, while producing satisfactory
strength properties. The conditions for several of these age-
hardening treatments are given in Table XXX. The effects of these
treatments as well as some experimental procedures on the me-
chanical properties, and some comparisons between results obtained
by the different treatments are given in the tables and figures that
follow.

Room-Temperature Properties. The room-temperature

tensile properties of hot-rolled and stress-equalized bar, aged at
1300 F, are given in Table XXXI. Similar results for cold-rolled
and annealed sheet aged at various temperatures and for several
time periods are given in Table XXXII. Some of these data are
plotted in Figure 14. These results show that the 1300 F/20-hour
treatment (Treatment 8, Table XXX) develops the highest strength
properties upon direct aging of mill-annealed material. It has been
reported (Ref. 28), however, that the 1400/1 hr, FC treatment
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FIGURE 13. APPROXIMATE TIME REQUIRED AT VARIOUS
TEMPERATURES TO PRODUCE DIFFERENT
DEGREES OF SOFTNESS IN INCONEL X-750
BY OPEN ANNEALING (REF. 18)

Quenching must follow annealing.

TABLE XXIX. ROOM AND HOT TENSILE PROPERTIES OF MILL-ANNEALED
(1750 F) INCONEL X-750 (REF. 28)

Yield Strength,

Tensile 1000 psi, Elongation Reduction
Temperature, Strength, Offset in 2 Inches, in Area,
F 1000 psi 0.02% 0.2% per cent per cent
1 Inch Round
85 174 108 115 27.5 41.0
400 168 110 113 29.0 40.0
600 160 101 107 30.0 37.0
800 159 105 106 31.0 42.0

7/8 Inch Round

85 168 108 114 65.0 49.5
400 154 104 104 35.0 40.0
600 149 96 98 36.0 39.5
800 147 95 99 33.0 43.5
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TABLE XXXI. SHORT-TIME AGING TREATMENT FOR INCONEL X-750 ROD
FOLLOWED BY AIR COOLING (REF. 18)

Tensile Properties

Yield
Strength Tensile Elonga-
Aging (0.2% Strength, tion in Hardness,
Temperature, Time, Offset), 1000 2 Inches, Rockwell
Condition F hr 1000 psi psi per cent C
1300 0 77 143 36 23
Hot rolled and 1300 1 110 169 29 33
equalized 1300 2 114 173 28 34
1625 F/4 hr 1300 S5 120 179 26 36
1300 10 125 181 25 36
1300 20 125 182 23 37

TABLE XXXII. SHORT-TIME AGING TREATMENT FOR ANNEALED 0, 065-INCH
INCONEL X-750 SHEET FOLLOWED BY AIR COOLING (REF. 18)

Tensile Properties

Proof Yield
Stress Strength Elonga -
Aging (0. 01% (0.2%  Tensile tion in  Hardness,
Temperature, Time, Offser), Offser), Strength, 2 Inches, Rockwell
Condition F hr 1000 psi 1000 psi 1000 psi per cent C
0 0 31 45 111 47 8
1300 1 85 95 155 35 27
1300 2 90 107 165 28 31
1300 4 96 115 172 26 33
1300 8 100 120 173 24 34
1300 20 106 122 176 23 35
Cold rolled 1350 1 92 104 163 29 30
and 1350 2 97 111 169 26 32
1350 4 98 116 172 25 33
annealed
. 1350 8 102 120 174 23 34
20 min at
2000 F 1400 1 96 109 167 29 32
1400 2 98 113 170 24 33
1400 4 99 115 171 23 33
1450 1 90 106 165 29 31
1450 2 98 111 166 28 31
1500 1 87 104 161 27 29
1500 2 92 105 166 29 31
1600 1 71 83 140 32 22
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{Treatment 7, Table XXX) will develop approximately equal strength.
Another comparison of heat treatments on the room-temperature
tensile properties of hot-rolled bars is seen in Table XXXIII. This
illustrates that a shorter aging cycle (total heating time, 7 hr vs

17 hr) may be employed if slightly lower strength can be tolerated.

A similar comparison for the effect of aging conditions on cold-
rolled, annealed sheet over a thickness range from 0.012 to 0. 140
inch is shown in Table XXXIV. Higher strengths are obtained by
furnace cooling than by air cooling from the aging temperature.

1801 1300F 720w
4hy
2w

160
Ihvf

140

R

120—

Stress, 00O psi

Yielﬁ‘sﬁeniﬁh

L

1200 1200 1400 1500 1600 1700
Aging Temperature,F

FIGURE 14. EFFECT OF AGING CONDITIONS ON ROOM-
TEMPERATURE TENSILE PROPERTIES OF
ANNEALED INCONEL X-750 SHEETS

(REF. 28)

Test temperature, room-test direction,
transverse.
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TABLE XXXIII.

X-750 (REF. 28)

ROOM -TEMPERATURE TENSILE PROPERTIES OF HOT -ROLLED BARS OF INCONEL

Yield
Strength,
1000 psi, Reduction
Heat Diameter, Offset Tensile Strength, Elongation, in Area, Hardness,
Treatmeni(2) in. 0.02% 0.2% 1000 psi per cent per cent  Rockwell C
5 1/2 136 146 199 25.0 41.5 36.0
3 144 149 196 24.0 42.3 38.0
5 21/32 128 139 1% 27.0 46.4 38.0
3 128 139 192 25.0 47.1 39.0
5 3/4 127 1317 193 25.0 38.5 38.0
3 131 140 191 22.0 38.8 39.0
5 7/8 129 140 194 24.0 40.2 40.0
3 131 146 197 21.0 42.8 40.0
5 1 126 130 1817 25.0 41.8 33.0
3 132 139 190 22,0 35.4 39.4
5 1-3/16 126 134 189 24,0 39.5 39.0
3 129 137 192 23.0 41.0 40.0
5 1-3/16 127 132 195 25.0 43.2 30.0
3 133 138 195 26.0 43.5 42.0
5 1-3/8 130 136 190 24.0 43.0 38.0
3 130 136 190 23.0 43.0 37.0
S 1-1/2 130 132 188 27.0 46.0 34.0
3 130 132 189 26.0 45.0 40.0
S 1-1/2 138 141 198 24.0 42,0 41.0
3 138 142 196 25.0 46.3 40.0
5 1-1/2 123 129 190 26.0 43.0 40.0
3 123 131 190 25.0 40.5 41.0
5 2-1/4 127 138 189 22.0 30.5 39.0
3 128 140 189 21,0 21.5 39.0
5 2-1/2 124 135 184 23.0 38.0 38.0
3 126 137 184 22.0 36,0 39.0
5 2-15/16 117 128 180 24,0 35.0 34.0
3 122 137 184 23.0 38.0 38.0

(a) See Table XXX for details of heat treatment.
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TABLE XXX1V. ROOM-TEMPERATURE TENSILE DATA FOR COLD-ROLLED, ANNEALED

INCONEL X-750 SHEET AFTER AGING BY TWO DIFFERENT TREAT -
MENTS (REF. 28)

Yield Strength Tensile
Heat Thickness,  (0.2% Offset), Strength, Elongation, Hardness,
Treatment(3) in, 1000 psi 1000 psi per cent Rockwell C

8 0. 012 113 175 25,0 35. o(P)
7 126 183 22,0 35, 0P
8 0.015 126 182 24,0 37. o(P)
7 129 189 23.0 39, o(P)
8 0. 025 116 178 28,0 37, ofb)
7 127 186 22.0 39, o(®
8 0. 025 119 181 25.0 39, o(P)
7 129 188 23,0 39, o(®)
8 0. 025 113 174 28.0 35. o(b)
7 124 182 24,0 37, o(b)
8 0. 025 123 178 25,0 37, o(P)
7 131 184 24, 0 41, o(P)
8 0,032 120 177 27,0 37. o(b)
7 125 183 26.0 39, o)
8 0.032 119 178 26.0 37. o(b)
7 133 187 23,0 39, o®
8 0.050 120 175 27.0 36, o?
7 130 182 25,0 39,0
8 0.055 131 184 26. 0 39,0
7 138 189 23,0 40,0
8 0. 062 125 180 26. 0 36.0
7 131 185 26,0 38,0
8 0. 062 124 181 26. 0 38.0
7 133 189 23,0 41,0
8 0. 062 129 186 26. 0 39,0
7 139 193 23,0 41,0
8 0,062 130 181 26.0 39,0
7 137 189 23,0 40.0
8 0. 062 122 178 27.0 37,0
7 134 187 24, 0 39,0
8 0. 068 124 180 27.0 38,0
7 135 189 24,0 41,0
8 0. 068 122 180 28, 0 38,0
7 135 188 24.0 41,0
8 0.071 122 178 27.0 37.0
q 134 187 24, 0 42.0
8 0.071 126 181 26. 0 37,0
7 134 185 23,0 40.0
8 0.071 125 178 27.0 37.0
7 133 185 25,0 40,0
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TABLE XXXIV. (Continued)

Yield Strength Tensile

Heat Thickness, (0.2% Offset), Strength, Elongation, Hardness,
Treatment(®) in. 1000 psi 1000 psi per cent Rockwell C
8 0.071 123 181 27.0 317.0
1 136 189 24,0 40.0
8 0.071 120 7 28.0 37.0
7 130 185 25,0 41.0
8 0.125 126 185 26.0 39.0
7 138 190 24.0 41.0
8 0.125 128 1179 26.0 38.0
7 134 188 25.0 40.0
8 0.140 126 175 26.0 39.0
7 133 182 25.0 39.0

(a) Details in Table XXX.
(b) 15N and 30N hardness values converted to RC hardness values.




The effect of heat treatment on fatigue life at room temperature
is shown in Figure 15.
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FIGURE 15. EFFECT OF HEAT TREATMENT ON FATIGUE
LIFE OF 3/4-INCH, INCONEL X-750 HOT-
ROLLED BAR (REF. 28)

Samples were tested in completely reversed
bending.

Cold working also increases the tensile strength, and subsequent
aging increases strength still more. This is shown in Figure 16,
and the results of straining sheet material on the room-temperature
tensile properties are tabulated in Table XXXV. The effects of sev-
eral different heat treatments on the properties of wire in two tem-
pers are summarized in Table XXXVI.

Similarly, hot working of the alloy as in forging also results in
increased room-temperature yield and tensile strengths. This is
shown in Figure 17, which also indicates the influence of forging
temperature within the normal 1800 to 2200 F range.

High-Temperature Properties. Considerable data have
been accumulated on the high-temperature properties of Inconel
X-750 sheet and bar. The data presented in the following tables are
those showing comparative effects of various thermal and mechani-
cal treatments.

Table XXXVII summarizes the effect of two age-hardening pro-
cedures on the hot hardness of bar. Direct aging of the bar (Treat-
ment 8, Table XXX) results in a higher hardness at all temperatures
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TABLE XXXV.

INCONEL X-1750 (REF. 30)

EFFECT OF COLD WORK ON TENSILE PROPERTIES OF

Ultimate
Strain, Tensile Strength, Yield Strength, Elongation,
per cent 1000 psi 1000 psi per cent
0 178 123 26.0
0 179 121 24.0
0 179 121 26.5
S 181 115 20.0
S 181 121 22,5
5 185 130 23.0
15 190 144 20.0
15 195 147 18.5
15 194 148 19.0
20 195 141 17.0
20 193 153 16.5
20 200 159 16.5
25 205 164 14.0
25 204 163 15.0
25 204 166 15.0
Notes:

Specimens strained in the mill-annealed condition and then aged at

1300 F for 20 hours and not descaled.

0, 063 sheet, strained and tested in the longitudinal direction,
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TABLE XXXVII. EFFECT OF AGE-HARDENING CONDITIONS ON HOT HARDNESS OF
HOT -ROLLED INCONEL X -750 (REF. 28)

Hardness, Hardness,
Test Temperature, F BHN Test Temperature, F BHN
Treatment 8(2)

80 351 1300 311
410 332 1390 298
613 321 1460 269
805 321 1530 255
920 315 1560 2117

1008 311 1605 179
1095 304 1705 131
1200 309

Treatment 1

90 286 1350 262
450 277 1375 255
620 281 1388 244
800 269 1415 239
888 269 1445 241
980 269 1480 217

1050 262 1500 212
1155 269 1600 163
1250 269 1650 143
1300 269 1750 80

(a) See Table XXX for details.
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FIGURE 16.

FIGURE 17.
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than that given by a solution and double-aging treatment (Treatment 1,
Table XXX).

The high-temperature tensile properties shown by sheet and bar
stock age hardened by several procedures are given in Tables
XXXVIIl and XXXIX and in Figure 18. The effect on stress-rupture
life of bar stock is illustrated in Figures 19 and 20.
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FIGURE 18. ROOM- AND ELEVATED-TEMPERATURE TENSILE
PROPERTIES OF INCONEL X-750 BAR STOCK
(REF. 28)

Heat treatment: 2100 F/2 hr, AC, 1550 F/24 hr,
AC,1300F/20 hr, AC (Treatment 1, Table XXX)

Furnace cooling from the aging temperature results in better
strength of sheet at high temperature than is obtained by air cooling.
This was also true for room-temperature tensile properties (see
Table XXXIV).

The increase in yield and tensile strengths for hot-rolled bars
(with only a slight decrease in tensile ductility in the 600 to 1100 F
range and at 1500 F) shown in Table XXXIX is attributed to a com-
bination of higher solution-annealing temperature and slow furnace
cool through the temperature range of 1350 to 1150 F. Solution
annealing at 1750 F for 1 hour rather than at 1625 F for 24 hours
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FIGURE 19. RUPTURE STRENGTH OF INCONEL X-750 BAR STOCK
(REF. 28)

Heat treatment: 2100 F/2 hr, AC, 1550 E /24 hr, AC,
1300 F/20 hr, AC (Treatment 1 Table XXX).

} S T Notch bar

0| A -+ |=— Smooth bar - »{-
- S - T ‘\ n
2 20} \B‘? 000F i b
g e H P
100}~ B
a 8 < Lo
i o ':ck s
(0,-’ LN : % ' ]
60| AR
Rl ‘L ]
aol ' I e
]
| |

© 00 00

Time, hr

FIGURE 20, EFFECT OF NOTCH ON RUPTURE LIFE OF INCONEL X-750 BAR STOCK (REF. 28)
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Heat treatment: 1625 F /24 hr, AC, 1300 F/20 hr, AC, smooth bar, 0.3-in.
diameter x 1-1/2-in. long; notched bar, 50 per cent, 60-deg V notch, 0,005-in.
root radius, (Treatment 2 Table XXX).




TABLE XXXVIII. HIGH-TEMPERATURE TENSILE PROPERTIES FOR COLD-ROLLED, ANNEALED
INCONEL X -750 SHEET AFTER AGING BY TWO DIFFERENT
TREATMENTS (REF. 28)

Yield Strength Tensile
Heat Test (0.2% Offser), Strength, Elongation, Hardness,
Treatment{(3) Temperature, F 1000 psi 1000 psi per cent Rockwell C(b)
8 RT 122 171 27,0 37.0
7 RT 132 186 25.0 38.0
8 400 112 167 30.0 37.0
7 400 123 176 25.0 39.0
8 800 107 151 33.0 37,0
7 800 120 162 29.5 40.0
8 1000 112 154 26.0 38.0
7 1000 116 155 25.0 39.0
8 1100 105 135 10.5 37,0
1 1100 116 145 9.0 38.0
8 1200 105 123 6.0 38.0
7 1200 113 132 4.2 39,0
8 1300 100 110 3.5 317.0
7 1300 103 115 3.0 39.0
8 1500 76 80 11.0 37.0
7 1500 77 82 12.0 40.0

(a) Deztails in Table XXX,
(b) Superficial hardness converted to Rc.
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TABLE XXXIX. HIGH-TEMPERATURE TENSILE PROPERTIES FOR 3/4-INCH~-DIAMETER HOT-ROLLED
ROUND INCONEL X-750 (REF, 28)

Yield Strength

Test (0.2 Per Cent Tensile Reduction

Heat Temperature, Offset), Strength,  Elongation, in Area, Hardness,

Treatment(2) F 1000 psi 1000 psi per cent per cent  Rockwell C
2 RT 126 184 25,0 41,5 39,0
3 140 195 24,0 40,5 37.0
2 600 116 169 23.0 35.0 37,0
3 131 178 21,0 41,0 37,0
2 200 114 166 24,0 39.0 37.0
3 131 173 21,0 38.0 37,0
2 1000 115 163 20,0 25.0 317.0
3 128 168 13,0 18.0 37.0
2 1100 112 159 10,0 13,0 317.0
3 126 157 8.0 11,0 39.0
2 1200 110 143 7.0 7.8 35.0
3 122 143 6.0 8.0 36,0
2 1350 98 107 6.0 10,0 38.0
3 107 114 5,0 8.0 36.0
2 1500 64 85 17,0 19,5 37.0
3 76 1 10,0 13,5 37,0

(a) See Table XXX for details,
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(stress equalizing) increases strength after aging because of the
following:

(1) Less softening due to annealing of previously worked
structure

(2) More gamma prime in solution.

Because of the latter, upon subsequent aging more hardening
phase or gamma prime, Ni3(Al, Ti) is precipitated.

The tensile strength properties for the 1350 to 1150 F aging
treatment also are higher than those developed by the triple heat
treatment (age at 1550 F and at 1300 F) or by equalizing and aging at
1300 F (compare values in Table XXXIX with those- shown in Figure
18. A comparison of Figures 19 and 20 shows the superior rupture
life attained with the triple heat treatment, in comparison with
equalized and aged material, above approximately 1100 F).

The effect of prolonged exposure at elevated temperature under
stress (1000 hours, 40,000 psi, 650 F) on the tensile properties of
0. 025-inch cold-rolled sheet was determined in connection with the
study of materials for supersonic transports (Ref. 31). The results,
summarized in Table XL, indicate relatively little effect on proper-
ties. Sheet that had been cold rolled 67 per cent was appreciably
stronger than that cold rolled only 27 per cent.

The influence of heat treatment on impact strength and on high-
temperature fatigue strength is shown in Table XLI and Figure 21,
respectively.

Figure 22 shows that the forging temperature and amount of

reduction definitely affect the stress-rupture life of Inconel X-750
bars.
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FIGURE 22. EFFECT OF FORGING TEMPERATURE AND AMOUNT
OF REDUCTION ON THE RUPTURE LIFE OF INCONEL
X-750 FORGED BARS (REF. 28)

Heat treatment: 2100 F/2 hr, AC, 1550 F/24 hr, AC,
1300 F/20 hr, AC; test conditions: temperature),
1350 F, stress, 45,000 psi.

Low-Temperature Properties. The results of several in-
vestigations to determine the mechanical properties of sheet and bar
at low temperatures are summarized in Figure 23 and Tables XLII
and XLIII. They show that Inconel X-750 has good mechanical prop-
erties down to =423 F and can be considered for use in cryogenic
applications. The only comparison showing the influence of heat
treatment is that given in Figure 23. It shows that the superior ten-
sile and yield strengths of the age-hardened material are retained at
low temperatures, while the elongation was reduced by about 1/2 of
the annealed values, but still remained over 20 per cent at all
temperatures.
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TABLE XL1. EFFECT OF HEAT TREATMENT AND TEST TEMPERATURE
ON IMPACT STRENGTH (CHARPY V-NOTCH TEST, FT-
LB) OF HOT-ROLLED BARS (REF. 28)

Heat Treatment
Test Temperature, 2100 F/2 hr, 1550 F/24 hr,

F 1300 F/20 hr(2) 1300 F/20 he(®)
-320 33 34
-109 36 37

75 37 38

400 42 44
800 50 46
1000 49 49
1200 45 43
1350 49 49
1500 67 53
1600 113 82

(a) Treatment 1, Table XXX.
(b) Treatment 8, Table XXX.
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FIGURE 21. EFFECT OF HEAT TREATMENT AND RESULTING
GRAIN SIZE ON FATIGUE STRENGTH OF INCONEL
X-750 (103 CYCLES) (REF. 28)

Samples were tested in completely reversed bending.
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TABLE XLI. TENSILE PROPERTIES OF INCONEL X-750 AT CRYOGENIC TEMPERATURES
(REF. 26)

0. 063-inch sheet, annealed, aged 1300/20 hr, AC.

Test Yield Tensile Notched-Unnotched
Temperature, Strength, Strength, Elongation, Ratio,

F Direction 1000 psi 1000 psi per cent K =6.3
8 Longitud inal 118 174 25 0.97
Transverse 118 174 25 0,97
-100 Longitudinal 122 189 30 0.92
-320 Longitudinal 130 214 31 0,86
Transverse 130 212 30 0.87
-423 Longitudinal 134 233 30 0,85
Transverse 139 234 31 0,86

TABLE XLIII., ROOM- AND LOW-TEMPERATURE TENSILE PROPERTIES OF INCONEL
X-750 (REF. 28)

2100 F/2 hr, AC, 1550 F/24 hr, AC, 1300 F/20 hr, AC(3),

Tensile Yield Elongation  Reduction
Hardness, Temperature, Strength, Strength(c), in 1Inch, in Area,
Rockwell c(®) F 1000 psi 1000 psi per cent per cent

Smooth Specimens

33 78 174 102 25,0 29,0
32 -104 186 115 23.0 26,0
34 -320 209 118 19.0 19,0
34 -423 208 130 15.0 15,0

Notched Specimens(d)

33 18 201 -- -- --
35 -104 200 -- -- --
35 -320 219 -- -- --
36 -423 225 -- -- --

(a) "Materials for Use at Liquid Hydrogen Temperature, " ASTM Special Publication
No. 287, 108 (1960).

(b) All hardness checks made at room temperature,

(c) 0.2% offset except initial yield point at -423 F,

(d) Notched bar (60 deg V notch, 0,037 in, deep, 0.005-in, radius at base),
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FIGURE 23. TENSILE PROPERTIES OF INCONEL X-750 AT
CRYOGENIC TEMPERATURES (REF. 27)

0.063-in. sheet, annealed and aged 20 hours
at 1300 F.

INCONEL 718

Inconel 718 is a precipitation~hardenable alloy having good me-
chanical properties at temperatures from -423 to 1300 F. It differs
from most nickel-base superalloys in that it is strengthened by a
gamma-prime precipitate containing a considerable amount of colum-
bium (Ref. 32). A comparison of the nominal chemical compositions
of the selected alloys (see Table I) shows that Inconel 718 contains
much less aluminum and titanium than the other alloys but, instead,
contains appreciably more columbium. In early studies of the alloy,
Eiselstein (Ref. 33) showed that maximum yield strength was devel-
oped on aging alloys containing about 50 to 55 per cent nickel, with
columbium in the range from 4.5 to 6.5 per cent. This is shown in
Figure 24. The lower curves for the alloys in the annealed condition
indicate that the columbium had little solid-solution-strengthening
effect. Figure 25 shows that the strength after aging is still higher
with columbium contents up to 8 per cent, but this was reported to
cause considerable reduction in ductility. In studying the metallurgy
of the alloy, Eiselstein identified a gamma-prime phase,
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FIGURE 24. EFFECT OF NICKEL AND COLUMBIUM PLUS TANTALUM CONTENT ON THE
ROOM-TEMPERATURE YIELD STRENGTH OF Ni, Cr, Cb, Mo, Al, Ti, AND
Fe ALLOYS (REF, 33).

Annealed at 1900 F/1 hr, WQ plus aged at 1250 to 1350 F/16 hr, AC, and
annealed at 1900 F/1 hr, WQ, no aging treatment.
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FIGURE 25. EFFECT OF PER CENT COLUMBIUM PLUS TANTALUM ON 0.2 PER CENT YIELD

STRENGTH (REF. 33)

Material was annealed at 1900 F/1 hr, WQ, aged at 1250 to 1350 F/16 hr, AC.
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Ni3(Cb, Ti, Al), that he considered to be the most important age-
hardening constituent. It should be noted that aluminum and titanium
also contribute to the hardening mechanism. Studies have been made
to determine the optimum content of these elements, and some re-
sults will be given later. However, the optimum composition of the
alloy is dependent on the properties desired for specific applications.
Furthermore, chemical composition, heat treatment, and mechanical
properties are interrelated, and a number of changes have been made
since the alloy was first introduced. Wagner and Hall (Ref. 13) re-
viewed the developments that have taken place and reported that
specifications on chemical composition have become more restrictive
than indicated by the nominal composition. The effects of the chem-
ical composition on properties of the alloy are dependent on the heat-
treatment conditions. Therefore a number of variations in the
annealing and age-hardening procedures have been recommended or
specified, taking these interrelationships into account. The proper-
ties that may be obtained with some of these combinations of chem-
ical composition and heat treatment are illustrated in subsequent
sections.

Annealing, Age Hardening, and Cold Working.

Effect on Room-Temperature Properties. Studies of anneal-

ing conditions for Inconel 718 have usually been concerned with the
mechanical properties of the alloy after various aging treatments.
Therefore, it appears desirable to discuss these operations together,
rather than separately. Data showing the effects of cold working are
often shown in the same figures and tables with the effects of heat
treatment. Therefore, cold-working information is also included in
this section.

In the original recommendations for this alloy (Ref. 34), anneal-
ing at about 1750 F, followed by a single aging step of 16 hours at
1325 F was recommended for mill-annealed products. The effect of
various annealing temperatures on room-temperature tensile prop-
erties, as annealed and after age hardening, is shown in Figure 26.
Experiments reported by Barker (Ref. 32) indicated that changes in
aging conditions could result in appreciably higher yield strengths.
The possibilities in this direction are shown by Figure 27. The
200-hr, 1200 F second aging step is not considered practical, but the
results were obtained in connection with studies of simulated service
conditions, and are shown for comparison. The "furnace cool age"
curve compared with the ''normal age' curve shows the improvement
resulting from the use of a more practical two-step aging treatment.
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Lower curves show as-annealed condition; upper curves show effect of

age hardening.
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FIGURE 27. COMPARISON OF YIELD STRENGTHS OF INCONEL 718 SHEET OBTAINED
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BY DIFFERENT AGING TREATMENTS (REF. 32)

Solution treated 1700 F, 1 hr, AC then:

(a) 1325F, 16 hr, AC

(b) 1325F, 8 hr, FC 20 F /hr to 1150, AC

(c) (a) plus 1200 F/200 hr.
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Other two-step aging treatments have been developed and typical ones
are listed in Table XLIV. These differ not only in aging conditions,
but also in the annealing temperature. Increasing the annealing tem-
perature up to 1950 F originally was recommended to obtain better
creep and rupture strengths. As will be shown later, however, the
lower notch strength at 1200 F is a disadvantage of annealing at a
higher temperature. The data in Table XLV show the effect of in-
creased annealing temperature on the room-temperature tensile
properties. Data from another source are plotted in Figure 28.
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FIGURE 28. EFFECT OF SOLUTION TEMPERATURE ON THE
TENSILE PROPERTIES OF SUBSEQUENTLY AGED
INCONEL 718 (REF. 35)

The data were obtained with specimens machined
from upset forgings. The following aging treat-
ment was used: 8 hr at 1325 F, cool to 1150 F
at 100 F/hr, hold 8 hr at 1150 F, AC.

Eiselstein (Ref. 33) pointed out that for applications which are ten-

sile rather than creep limited, annealing at 1950 F is nevertheless
required to fully soften the material for severe cold-forming
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TABLE XLIV. ANNEALING AND AGING TEMPERATURES FOR INCONEL 718 (REF. 13)

Annealing First Aging Second Aging
Temperature, Temperature, Temperature, Aging

Specification Company F F F Method(2]

AMS 5596A Society of Automotive 1750 1325 1150 TorlIl
Engineers

B50T69-56 General Electric 1700 1325 1150 1
Company

C50T79(S1) General Electric 1800 1325 1150 I
Company

PWA 1009-C  Pratt and Whitney 1750 1325 1150 TLorlIl
Aircraft

EMS-581c AiResearch 1950 1350(P) 1200 I

RB0170-101 Rocketdyne 1950 1400 1200 I

AGC-44152 Aerojet~General 1950 1350 1200 v

(a) I - Hold 8 hr at first aging temperature, furnace cool at 100 F/hr to second aging temperature;

hold 8 hr, air cool.
II - Hold 8 hr at first aging temperature, furnace cool to second aging temperature; hold at

second aging temperature until total time elapsed since the beginning of the first aging

is 18 hr

III -  Hold 10 hr at first aging temperature, furnace cool to second aging temperature; hold at
second aging temperature until total time elapsed since the beginning of the first aging is

20 hr
IV - Same as III, but first aging time may be 8 to 10 hr.
(b) 1400 F on certain heavy forgings.

TABLE XLV. EFFECT OF SOLUTION-TREATMENT TEMPERATURE ON ROOM-TEMPERATURE
TENSILE PROPERTIES OF ALLVAC 718 FORGED BAR (REF. 36)

Yield Yield
Ultimate Strength Strength
Tensile (0.2% (0. 02% Reduction
Strengtl, Offset},  Offset), Elongation, in Area,
Treatment Direction 1000 psi 1000 psi 1000 psi per cent per cent
1750 F solution plus double L 204 162 140 20.1 31.3
age(2) T 190 150 133 13.9 18.0
1800 F solution plus double age L 200 159 138 21.4 32.4
T 186 149 132 13.8 17.4
1950 F solution plus double age T 171 145 129 19.1 23.7

(a) 1325/8 hr FC to 1150, hold at 1150 F until total aging time equals 18 hr.
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operations. Aging temperatures must then be increased (as shown in
. Table XLIV) to permit optimum age hardening. In this connection,
Newcomer (Ref. 16) conducted an investigation to determine the an-
nealing temperature necessary to redissolve the precipitate in over-
aged material so that subsequent aging would produce maximum hard-
ness. Microstructure and grain size were also observed. The data
showing the effect of annealing temperature on hardness and grain
size are given in Table XLVI. According to the author, these data
along with metallographic examination indicated that annealing at
1500 or 1600 F failed to dissolve the precipitated phases and did not
restore the hardness to that of the mill-annealed material. Anneal-
ing between 1700 and 1800 F adequately dissolved the precipitate so
that subsequent aging produced maximum hardness, but annealing at
1900 F was necessary to completely dissolve all the precipitates
within the grains and at the grain boundaries. Heating above 1900 F
caused excessive grain growth.

The curves in Figure 29 indicate how tensile properties can vary
with the temperature of the second aging step. The best combination
of properties seems to develop with a final aging temperature of
1150 F on sheet annealed at 1700 F.

The interrelationship between chemical composition, heat treat-
ment, and mechanical properties was mentioned earlier. Data and
curves from Eiselstein reproduced by Wagner and Hall (Ref. 13) in
Figures 30 and 31, show the change in room-temperature tensile
properties as influenced by aluminum content and heat treatment.
Highest yield strengths are obtained with a low-aluminum content,

a 1950 F anneal, and aging at 1325 F. However, these conditions
are said to cause notch brittleness in creep testing.

The increase in tensile and yield strengths that may be achieved
by cold working prior to aging is shown in Figures 32 to 34. The
elongation is decreased proportionately, but is still about 5 per cent
after the maximum cold reduction.

One of the unique characteristics of Inconel 718 is its sluggish
response to aging. This permits annealing and welding without spon-
taneous hardening during heating and cooling. The effect of aging
time and temperature on the hardness of mill-annealed sheet is
shown in Figure 35.
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TABLE XLVI. ANNEALING OF OVERAGED INCONEL 718 - EFFECT ON HARDNESS AND GRAIN
SIZE (REF. 16)

Tests performed on 0. 040-inch sheet.

Average
Grain Diameter,

Condition Hardness, DPH mm
Mill annealed 188 --
30 hr 1400 F 358 --
30 hr/1400 F plus 15 min 1500 F, AC 318 0.025 - 0,035
30 hr/1400 F plus 15 min 1600 F, AC 215 0.025 - 0.035
30 hr/1400 F plus 15 min 1700 F, AC 188 0.025 + 0,035
30 hr/1400 F plus 15 min 1750 F, AC 186 0.025 + 0. 035
30 hr/1400 F plus 15 min 1800 F, AC 185 0.025 + 0,035
30 hr/1400 F plus 15 min 1900 F, AC 179 0.025 + 0. 035
30 hr/1400 F plus 15 min 2000 F, AC 157 0.120
30 hr /1400 F plus 15 min 2100 F, AC 156 0.150
30 hr/1400 F plus 15 min 2150 F, AC 151 0.150 - 0.200
Mill annealed plus aged 438 --
30 hr/1400 F plus aged 401 --
30 hr/1400 F plus 15 min 1500 F plus aged 406 --
30 hr/1400 F plus 15 min 1600 F plus aged 424 --
30 hr/1400 F plus 15 min 1700 F plus aged 431 --
30 hr/1400 F plus 15 min 1750 F plus aged 437 --
30 hr/1400 F plus 15 min 1800 F plus aged 439 --
30 hr/1400 F plus 15 min 1900 F plus aged 442 --
30 hr/1400 F plus 15 min 2000 F plus aged 433 --
30 hr/1400 F plus 15 min 2150 F plus aged 4217 -
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Effect on High-Temperature Properties. The effect of
chemical composition and the development of heat treatments were
largely discussed in the preceding section on room-temperature
properties. Considerable data have also been accumulated to show
how mechanical properties at high temperatures are influenced by
heat treatments. The tensile properties developed by the original
one-step aging treatment are shown in Figure 36. The improvement
in tensile and yield strengths, and the drop in ductility caused by
cold working prior to aging, is shown by comparing Figure 36 with
Figure 37. Additional data were obtained during the development of
the two-step aging treatments and the improved properties attainable
with various new procedures are shown in Figures 38 and 39, and in
Table XLVII.

Cullen and Freeman (Ref. 38) determined the properties of
Inconel 718 sheet at 800, 1000, and 1200 F to evaluate the potential
usefulness of the material in the supersonic transport. Tensile
properties were determined on smooth and notched (K¢ > 20) speci-
mens. Heat-treatment conditions were (1) cold worked 20 per cent
and aged, (2) cold worked, annealed 1 hour at 1750 F and aged, and
(3) cold worked, annealed ! hour at 1950 F and aged. The results
showing the influence of heat treatment are summarized in Tables
XLVIII to L. In the cold-worked and aged condition, the notched/
unnotched tensile strength ratio drops from about 1.0 at room tem-
perature to 0.8 at 1200 F. Annealing at 1950 F followed by aging
results in an essentially constant ratio of about 0. 96 at all of the
test temperatures. The results also indicate that higher strengths
are obtained by direct aging of cold-worked sheet. Additional data
showing the same effects over a temperature range from -320 to
1000 F are shown in Table LI. This table also indicates that the
properties are not affected by prior exposure for 1000 hours at a
temperature of 650 F and a stress of 40,000 psi.

Stress-rupture life is also affected appreciably by annealing
temperature. The life at 1300 F and a stress of 75,000 psi was
tripled by raising the annealing temperature from 1750 to 1950 F.
This is shown by the results in Table LII. Other data showing this
effect are presented in Figure 40. Figure 41, on the other hand,
indicates that maximum stress-rupture life is obtained for notched
specimens annealed at 1750 F, rather than 1950 F.

This was verified in Cullen and Freeman's work (Ref. 38),

which is summarized in Table LIII. However, they reported that
creep and rupture properties were sensitive to prior thermal history.
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The elongation normally is as shown by the upper line in the 1200 to 1500 F
range. Heating at temperatures above 1800 F, e.g. during annealing or
furnace brazing, may reduce the elongation in this range to the values

indicated by the lower line.
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A 1700 F/1 hr plus 1325 F/8 hr, FC 20 F/hr to 1150 F
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FIGURE 39, SHORT-TIME HIGH-TEMPERATURE TENSILE PROPERTIES - 0. 060-INCH COLD-
ROLLED INCONEL 718 SHEET (REF. 37)
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TABLE XLVII, TENSILE PROPERTIES OF DIFFERENT INCONEL 718 PRODUCTS WITH VARIOUS AGE-HARDENING

SCHEDULES (REF. 37)

Yield
Strength
(0.2% Tensile Reduction Hardness,
Test Heat Offset), Strength, Elongation, in Area, Rockwell
Temperature Form and Size Treatment 1000 psi 1000 pei per cent per cent C

RT Forged pancake A 160 196 24.0 33.0 .-
S 147 188 24.0 34.0 --
Hot rolled, 5/8-in diam A 171 201 26.0 50.0 41
B 160 193 20.0 52,0 42
S 140 185 32.0 54,0 --
Hot rolled, 1/2-in. diam A 174 211 23.0 40.0 --
B 173 204 19,0 29.0 --
S 154 193 23,0 36.5 --
Cold-rolled annealed sheet C 155 185 13.0 - 41
0.060-in. thick D 151 187 22.5 .- 43
T 137 176 23,5 -- --
Forged rod 6-in. diam B 152 184 28.0 42.0 --
S 139 176 32,0 42.0 -
1200 F Forged pancake A 138 162 23.0 38,0 --
Hot rolled, 5/8-in diam A 145 164 28,0 59.0 -r
Hot rolled, 1/2-in diam A 148 168 22,0 315 --
S 132 153 12.0 12,0 -
Cold-rolled annealed sheet C 126 149 13.0 -- --
0.060-in. thick T 115 140 16.0 -- .-
1300 F Forged pancake A 135 146 30.0 62,0 --
Hot rolled, 5/8-in. diam A 133 145 22.0 34.0 --
Hot rolled, 1/2-in. diam A 136 145 20.0 26.5 --
Cold-rolled annealed sheet C 112 127 9.0 - -
0.060-in. thick T 109 121 6.0 - -
Forged rod 6-in. diam B 113 129 14.0 16.0 --
1400 F Forged pancake A 109 113 39.0 79.0 --
Forged rod 6-in, diam B 108 116 8.0 12,0 --

(a)A - 1800 F/1 hr plus
- 1800 F/1 hr plus
- 1700 F/1 hr plus
1700 F/1 hr plus
- 1800 F/1 hr plus 1325 F/16 hr
- 1700 F/1 hr pius 1325 F/16 hr

HOgogQw
'

1325 F/8 hr, FC 100 F/1 hr to 1150 F, plus 1150 F/8 hr
1325 F/8 hr, FC 20 F/1 hr to 1150 F
1325 F/8 hr, FC 100 F/1 hr to 1150 F, plus 1150 F/8 hr
1325 F/8 hr FC 20 F/1 hr to 1150 F
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TABLE XLVIIIL.

WORKED 20 PER CENT AND AGED(2) (REF. 38)

SUMMARY OF TENSILE RESULTS OBT AINED FROM SMOOTH AND
SHARP-EDGE-NOTCHED SPECIMENS OF INCONEL 718 - COLD

Ultimate Yield Strength
Temperature, Tensile Strength, (0.2% Offser), Elongation,
Orientation F 1000 psi 1000 psi per cent
Smooth Specimens
Longitudinal RT 218.0 207,0 9.5
Transverse RT 217.0 203.5 7.5
Longitudinal 800 185.8 174.0 9.5
Transverse 800 190.0 178.0 9.5
Longitudinal 1000 183.3 170.0 12.0
Transverse 1000 184.6 173.0 7.0
Longitudinal 1200 174.5 145.0 10.0
Transverse 1200 173.5 158.8 8.5
Edge-Notched Specimens

Longitudinal RT 219.5 -- --
Transverse RT 204,5 -- --
Longitudinal 800 170.2 -- -~
Longitudinal 800 186.5 -- --
Transverse 800 181.2 -- --
Longitudinal 1000 170.5 -- --
Transverse 1000 160.5 -- --
Longitudinal 1200 141.0 -- --
Transverse 1200 134.5 -- --

(a) 1325 F/8 hr, FC to 1150 F in 10 hr, AC.
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TABLE XLIX.

ANNEALED AT 1750 F AND AGED(®) (REF. 38)

SUMMARY OF TENSILE RESULTS OBTAINED FROM SMOOTH AND
SHARP-EDGE-NOTCHED SPECIMENS OF INCONEL 718 -

Ultimate Yield Strength
Temperature, Tensile Strength, (0.2% Offset), Elongation,
Orientation F 1000 psi 1000 psi per cent
Smooth Specimens
Longitudinal RT 207.5 173.5 17.3
Transverse RT 206.0 173.0 18,0
Longitudinal 800 182.5 155.1 20.3
Transverse 800 179.1 157.5 21.0
Longitudinal 1000 177.2 153.0 21.5
Transverse 1000 176.4 151.5 21.0
Longitudinal 1200 159.4 141.9 11,0
Transverse 1200 160.0 141.7 10,0
Edge-Notched Specimens

Longitudinal RT 187.0 -- --
Transverse RT 180.0 -- --
Longitudinal 800 136.0 -- --
Transverse 800 161.5 -- --
Longitudinal 1000 132.0 -- --
Transverse 1000 142.5 -- --
Longitudinal 1200 138.0 -- --
Transverse 1200 139.2 -- --

(a) Annealed 1 hr at 1750 F; aged 1325 F /8 hr, FC to 1150 F in 10 hr, AC.
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TABLE L. SUMMARY OF TENSILE RESULTS OBTAINED FROM SMOOTH AND
SHARP-EDGE-NOTCHED SPECIMENS OF INCONEL 718 -
ANNEALED AT 1950 F AND AGED(?) (REF. 38)

Ultimate Yield Strength
Temperature, Tensile Strength, (0.2% Offset), Elongation,
Orientation F 1000 psi 1000 psi per cent
Smooth Specimens
Longitudinal RT 204.0 176.5 20.5
Transverse RT 198.5 168.0 21.0
Longitudinal 800 174.2 156.0 19.3
Transverse 800 169,0 150,0 17.5
Longitudinal 1000 169.3 150.2 18.0
Transverse 1000 163.0 148.8 19.0
Longitudinal 1200 157.0 143.3 6.5
Transverse 1200 152.5 134.5 7.5
Edge-Notched Specimens

Longitudinal RT 196.6 -- --
Transverse RT 195,6 -- --
Longitudinal 800 167.5 -- --
Transverse 800 160.0 -- --
Longitudinal 1000 166.5 -- --
Transverse 1000 159.5 -- --
Longitudinal 1200 148.4 -- --
Transverse 1200 151.9 -- --

(a) Annealed 1 hr at 1950 F; aged 1350 F/8 hr, FC to 1200 F in 12 hr, AC.
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TABLE LIL

TEMPERATURE OF SOLUTION TREATMENT (REF. 36)

STRESS -RUPTURE PROPERTIES OF ALLVAC 718 FORGED BAR VERSUS

Reduction
Life, Elongation, in Area,
Direction hr per cent per cent
Stress Rupture at 1300 F/75, 000 Psi
1750 F solution plus double age Transverse 45.17 19.0 30.0
1800 F solution plus double age Transverse 60.0 17.2 28.9
1800 F solution plus double age Transverse 68.3 16.5 217.9
1950 F solution plus double age Transverse 136.4 5.3 8.9
Stress Rupture at 1200 F/100, 000 Psi
1700 F solution plus double age -- 92.6 14.0 18.8
1800 F solution plus double age -- 160.6 15.0 19.8

TABLE LIII.

EFFECT OF HEAT -TREATMENT CONDITIONS ON THE 1000-
HOUR RUPTURE STRENGTHS OF SMOOTH AND NOTCHED

INCONEL 718 SHEET (REF. 38)

Stress-Concentration Temperature
Factor, K¢ 800 F 1000 F 1200 F
Cold Worked and Aged

1. 0 (Smooth) 185,000 psi 125, 000 psi 44, 000 psi

2,3 -- -- -~

6.0 -- 88, 000 psi 317,000 psi

>20 160, 000 psi 35, 000 psi(d) 25, 000 psi
Cold Worked, Annealed at 1750 F and Aged

1. 0 (Smooth) 170, 000 psi 145,000 psi 68, 000 psi

2.3 == 135, 000 psi 65, 000 psi

6.0 -- 125, 000 psi 65, 000 psi

>20 140, 000 psi 65,000 psi 55, 000 psi
Cold Worked, Annealed at 1950 F and Aged

1. 0 (Smooth) 160, 000 psi 135,000 psi 75,000 psi

2.3 -- .- 49, 000 psi

6.0 -- 87,000 psi 37, 000 psi

>20 155, 000 psi 60,000 psi(P) 31, 000 psi(®)

(a) Transverse dircction, in longitudinal direction 1000-hour strength = 65,000 psi.
(b) Longitudinal dircction, in transverse direction 1000-hour strength = 77, 000 psi,
(c) Longitudinal direction, in transverse direction 1000-hour strength = 41,000 psi.
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FIGURE 40, EFFECT OF ANNEALING TEMPERATURE ON RUPTURE LIFE OF INCONEL 718 (REF. 35)

Annealed 1 hr at temperature shown and aged at 1325 F for 16 hr.
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FIGURE 41. EFFECT OF ANNEALING TEMPERATURE ON STRESS-RUPTURE PROPERTIES OF
INCONEL 718 (1300 F /75, 000 Psi)

Specimens are from hot-rolled material (1/2-in, diameter) annealed for 1 hr,
water quenched plus aged at 1325 F /16 hr, AC (0.37 per cent Al, 0,72 per cent

Ti, 4.94 per cent

Cb plus Ta, and 0. 004 per cent B).
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This is shown by the results in Table LIV. The alloy annealed at
1950 F had high smooth-specimen creep and rupture properties at
temperatures up to 1200 F, but very low notched-specimen rupture
strength at 1200 F. In contrast to this, material annealed at 1750 F
had excellent notched-specimen rupture strength up to 1200 F, but
relatively low smooth-specimen creep and rupture strengths.

TABLE LIV. SUMMARY OF CREEP AND RUPTURE PROPERTIES OF INCONEL 718
AS INFLUENCED BY HEAT TREATMENTS (REF. 38)

Condition 800 F 1000 F 1200 F

Extrapolated Stress Necessary to Produce
a Minimum Creep Rate of 0.000001 Per Cent/hr:

Cold worked and aged 175, 000 psi 112, 000 psi 10, 000 psi
Annealed at 1750 F and aged 150, 000 psi 110,000 psi 26, 000 psi
Annealed at 1950 F and aged 155, 000 psi 114, 000 psi 59, 000 psi

Minimum Time for Rupture of Sharp Edge-Notched Specimens
Under 40, 000 Psi Stress

Cold worked and aged >10, 000 hr 500 hr 1 hr
Annealed at 1750 F and aged >10, 000 hr >10, 000 hr >10, 000 hr
Annealed at 1950 F and aged >10, 000 hr >10, 000 hr 8 hr

Stress for Rupture in 50, 000 Hours at:

Cold worked and aged -- 98, 000 psi 22,000 psi
Annealed at 1750 F and aged -- 115, 000 psi 40,000 psi
Annealed at 1950 F and aged -- 110,000 psi 55,000 psi

The interrelationship between aluminum and titanium content of
the alloy, heat-treatment, and room-temperature mechanical prop-
erties was shown earlier. The same kind of relationship was found
when considering elevated-temperature stress-rupture properties.
Some results are summarized in Table LV. These indicate that low
aluminum, high titanium, and higher annealing temperature results
in longer rupture life under the conditions given in the table. How-
ever, changes in chemical composition have a greater effect at the
higher annealing temperatures than at lower annealing temperatures.
Because of the complexity of these interrelationships the same con-
clusions may not apply at other temperatures and stresses.
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Higher solution treatment and aging temperature were found to
increase precracked Charpy toughness as shown in Figure 42. Solu-
tion annealing at 1975 F and aging at 1400 F provided optimum prop-
erties at test temperatures from -110 to 650 F.

Effects at Cryogenic Temperatures. The alloy exhibits
good tensile properties at very low temperatures, and a few curves

illustrating the effect of various degrees of cold work and of aging
are shown in Figures 43 to 50. The curves show a rapid increase in
tensile and yield strength as the test temperature decreases to

-423 F. Cold working prior to aging results in additional strength-
ening. Also, lower aging temperature (1250 F) on the 50 per cent
cold-reduced sheet results in higher tensile and yield properties

and somewhat lower elongation at all test temperatures than is ob-
tained by aging at 1325 F. This is shown in Figures 46 to 48. The
effects of the same variables on notched tensile strength is illus-
trated in Figures 49 and 50.

RENE 41

René 4l is a precipitation-hardenable nickel-base alloy possess-
ing high strength in the 1200 to 1800 F temperature range. The alloy
contains cobalt and molybdenum, which provide solid-solution
strengthening, but in common with this class of alloys high-
temperature strength is derived primarily from the precipitation of
the Ni3(Al, Ti) compound dispersed in the matrix. Under certain
conditions carbides also precipitate during aging and affect the me-
chanical properties. The occurrence of the various phases and their
stability and effects on the properties was discussed by Weisenberg
and Morris (Ref. 41). The relative amounts of gamma prime and the
two carbides that they found after aging at various temperatures are
shown in Figure 51. The quantity of Ni3(Al, Ti) precipitated in the
matrix is greatest after aging at 1600 to 1800 F, although it may
form at as low as 1100 F in cold-worked material. At higher tem-
peratures this precipitate goes back into solid solution, and is com-
pletely dissolved at about 1925 F. The behavior and effects of the
carbides that are present in the matrix depend on the thermal history
of the material. As shown in Figure 51, MgC would not be affected
by the ordinary mill-annealing temperature (1975 F) or lower aging
temperatures. However, if the alloy is heated to 2150 F, the MgC
would go into solid solution. Any subsequent treatment in the 1400
to 1650 F range will cause the carbon to reprecipitate as M»3Cg in
a continuous film along the grain boundaries. According to Lacy and
Albertin (Ref. 42), if the high-temperature annealing is followed by a
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A Heat treatment 1975F /1 br AC,1450/8hr, FC 20F/ hr to I200F
[J Heat treatment I975F /Ihr AC, 1400/ 10hr, FC 20F/ hw to 1200F
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FIGURE 42. VARIATION OF PRECRACKED CHARPY TOUGHNESS, W /A, AND ULTIMATE

STRENGTH WITH TEMPERATURE FOR THREE HEAT TREATMENTS OF

INCONEL 718 (REF. 39)

(Transverse Properties)
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FIGURE 43, TENSILE STRENGTH OF INCONEL 718 AT CRYOGENIC TEMPERA TURES (REF. 40)
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FIGURE 44, YIELD STRENGTH OF INCONEL 718 AT CRYOGENIC TEMPERATURES (REF. 40)
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FIGURE 45. ELONGATION OF INCONEL 718 AT CRYOGENIC TEMPERATURES (REF. 40)
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FIGURE 46. EFFECT OF COLD WORKING AND AGING ON THE TENSILE STRENGTH OF

INCONEL 718 AT CRYOGENIC TEMPERATURES (REF. 40)
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FIGURE 47. EFFECT OF COLD WORKING AND AGING ON THE YIELD STRENGTH OF
INCONEL 718 AT CRYOGENIC TEMPERATURES (REF. 40)
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FIGURE 48. EFFECT OF COLD WORKING AND AGING ON THE ELONGATION OF
INCONEL 718 AT CRYOGENIC TEMPERATURES (PFF, 40)
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FIGURE 50. EFFECT OF COLD WORK AND AGING ON THE NOTCH TENSILE STRENGTH
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105

i



solution treatment at 1975 F, the carbon reprecipitates as MgC, also
along the grain boundaries. This causes cracking when the alloy is
welded and subsequently aged.

Niy (A1, T)

Increasing Amount of Precipitate

1200 1400 1600 1800 2000 2200

Te‘mpem'u‘m,F .

00 48 24 8 4
Time, e

FIGURE 51. RELATIVE Al\/I/OUNTS OF PRECIPITATES
IN AGED RENE 41 (REF. 51)

Bar stock solution treated at 2200 F,
water quenched and aged as indicated.

Grain size also has an effect on the mechanical properties.
Generally the higher solution-treatment temperature (2150 F) pro-
motes grain growth and results in somewhat lower tensile proper-
ties, but stress-rupture properties are improved. Conversely, the
lower solutioning temperature (1950 F) does not cause grain growth,
and optimum tensile properties will be developed on subsequent
aging. Stress-rupture properties will be lower because of the
smaller grain size.

Various heat-treatment procedures have been devised to pro-
vide the mechanical properties desired or needed for practical ap-
plications. Examples of the effect of variables in thermal and me-

chanical treatments on typical properties are given in the following
section.

Room-Temperature Properties. The rate of cooling from
the annealing or solutioning temperature is very important in the
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case of René 41 because the rate of gamma-prime precipitation from
solid solution is extremely rapid. Therefore, the alloy must be
quenched within a matter of seconds in order to retain maximum duc-
tility and softness. The increase in hardness of sheet caused by
delay in quenching is shown in Figure 52. Because of this, the maxi-
mum quench delay for various thicknesses of material was estab-
lished by The Boeing Company as given in Table LVI. A comparison
of several quenching procedures is shown in Figure 53. Rapid water
quenching from the various annealing temperatures results in the best
combination of properties (low yield strength and high elongation) re-
quired for subsequent forming.

2 35

D 30

2 5 —_C)
5 25 aa AN

o]

x 20 I

n

§ 15 }~-Maximum permissible
v 10 delay ]
(=] 5 : 1 1 L | Il |
T %5 5 10

20 25
Time Delay Before Water Quench-
ing, sec

FIGURE 52. EFFECT OF DELAY BEFORE WATER QUENCHING
ON THE HARDNESS OF 0. 070-INCH-THICK
RENE 41 SHEET SOLUTION HEAT TREATED AT
1975 F (REF. 15)

Difficulties with strain-age cracking of weldments prompted an
investigation of the aging treatment. A double aging treatment was
developed that resulted in increased ductility at elevated tempera-
tures (see Table LVIII) with little loss in strength. The effect of
various aging treatments on room temperature yield strength is
shown in Figure 54.

The influence of solution-treatment temperature and time on the
room-temperature yield and elongation of cold-rolled sheet followed
by the double aging treatment is shown in Figure 55. The lower yield
strength and higher elongation obtained by solution treating at high
temperatures indicate optimum formability. However, the curves
show that the properties after aging are considerably reduced. In
order to retain maximum formability without undue loss in strength

after aging, a solution-treatment temperature of about 2025 F is
indicated.
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TABLE LVI. TIME REQUIREMENTS FOR HEATING AND QUENCHING VARIOUS
THICKNESSES OF RENE 41 MATERIAL (REF. 43)

Material Thickness,
in.

Holding Time,
min

Maximum Quench Delay,
sec

0.039 and under
0.040 - 0.099
0.100 - 0.249
0.250 - 0,499
0.500 - 0,749
0.750 - 1.000

0.059 and under

0.060 - 0,249
0.250 - 0.449
0.500 - 0,999
1.00 -1.99
2.00 -3.00

Annealing (2025 + 25 F) WQ

411
611
12+ 2
20+ 4
305
40 £ 5

Solution Treatment (1975 £ 25 F) WQ

10+ 2
15+ 3
20 + 4
30+ 5
50+ 5
70+

B R e B ¥ B v

-1 -3 -3 -3 o
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FIGURE 53, EFFECT OF QUENCHING OF RENE 41 FROM THE ANNEALING TEMPERATURES
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{

L~ I650F/|hrlus

@ - N L200F/ 100
Q ” - L == - - |
g 150 I550F T D= \ I650F/ 2hr plus
Q — I400F /10 tw
§ _ =7 "\ 1700F /ihr plus
s [400F L 1400 F /10 hr
£ a0
o I600F
5 \
£
o 130
[ =
(U
7] \
©
@
> 1650F

120

4 8 12 16

Aging Time,hr

/
FIGURE 54, EFFECT OF AGING TIME AND TEMPERATURE ON YIELD STRENG TH OF RENE 41
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Elevated-Temperature Properties. It was pointed out
earlier that optimmum tensile properties are obtained when René 41 is
solution treated at 1950 F, but that optimum stress-rupture proper-
ties are developed following a 2150 F solution treatment. This is
illustrated by the short-time tensile data at room and elevated tem-
perature, shown in Figures 56 and 57, for sheet and bar, respec-
tively. The comparison for stress-rupture strength is given in
Table LVIII. The improvement in ductility at high temperature pro-
duced by the double aging procedure is shown in Table LVII.

A comparison of room and 1400 F properties of cold-worked
material aged by the double procedure, with and without a prior
solution treatment, is given in Figure 58. These results were used
to determine the need for solution treatment of formed parts, and it
was concluded that solution treatment of moderdtely formed parts
was not necessary unless additional forming or welding was to be
performed. Additional data showing the effect of amount of cold work
on short-time tensile properties over a wide range of temperature
are given in Table LIX.

Cryogenic-Temperature Properties. Typical properties at
cryogenic temperatures are given in Table LX and Figure 59.

WASPALQOY

Waspaloy is also a highly alloyed nickel-base alloy that is hard-
ened primarily by precipitation of Niz(Al, Ti) during aging. The
effects of heat treatments on the precipitation and solution of gamma-
prime and M;3C¢ carbides are similar to those described for
René 41. Higher solution-treatment temperatures are used to de-
velop optimum high-temperature creep and rupture strengths, but
optimum tensile properties are developed when lower annealing tem-
peratures are used. The recommended thermal treatments include
the solution treatment followed by both a stabilizing and a
precipitation-hardening treatment. The difference in short-time
tensile properties obtained by these two treatments is shown in
Table LXI. Treatment 1, which is recommended for optimum creep
and rupture properties, develops somewhat lower short-time tensile
strength properties. A comparison of several aging treatments given
to annealed and cold-worked material is given in Table LXII. Cold
working prior to aging results in higher yield and tensile strength and
reduced ductility, but relatively shorter aging times are needed to
develop the maximum strength. The short-time tensile properties,
over a range of temperatures from -110 to 1000 F are summarized

111



\ Ultimoln s'uﬂLh

ey -+
N
0.2 % yield strength \

—

2150 solution ~
N
N\,
A
N,

Stwess, 1000 pai

Bt [ == o S A K\
0.2 % yiold strength et S \
2150 F soution S, 20
\\
Heat Treatment N,
€O —— sqiution treat - 1975 F - WQ, phus v 80
1950 F 7 30min AC
Age- MOO F/16 v AC
of—

=== Soktion reat - 2130 F/ 12 min AC
Age- 1600 F/ 4 v AC

-]
.
£ longotion, per cent

20 Elongation 0

O e i O 4

o 200 400 600 00 000 100 00 800
Temgarature, F

FIGURE 56. SHORT-TIME TENSILE PROPERTIES OF HAYNES R-41 SHEET AS INFLUENCED BY
HEAT TREATMENT (REF. 7)

Shees ‘n_)ﬂ
3
i
§

—

Heat Trectment \
=== Sohition trect- 1950 F/4nr, AC \
o Aga - 1400 F/16 v, AC L
== SoMtion treat - 2150 F /2, AC \
Aga- 1630 F/4 he, AC \
ofb—— Joo o o ]

-]

!

A

&
Elongoton, per cent

il R S S S e o

] 200 400 600 800 1000 1200 400 W00 1800
Temperature, F

FIGURE 57, SHORT-TIME TENSILE PROPERTIES OF HAYNES R-41 BAR AS INFLUENCED BY
HEAT TREATMENT (REF. 7)

112




TABLE LVII. ELEVATED-TEMPERATURE TENSILE PROPERTIES OF RENE 41 0.040-INCH SHEET —
COMPARISON OF SINGLE AND DOUBLE AGE(®) (REF, 43)

Test Ultimate Tensile Strength, Yield Strength (0.2% Offset) Elongation in
Temperature, 1000 psi 1000 psi 2 Inches, per cent
F Single Double Single Double  Single Double
70 204 204 156 151 21 21
800 175 186 135 141 17 10
1200 172 175 127 125 12 10
1400 143 151 118 124 4.5 Te5
1600 96 91 90 81 6.5 12
1800 39 39 35 32 16 19
(a) Single age - 1400 F /16 hr
Double age - 1650 F /1 hr plus 1400 F/10 hr.
TABLE LVIII, EFFECT OF HEAT TREATMENT ON STRESS-RUPTURE PROPERTIES
OF HAYNES R-41 BAR (REF. 7)
Test
Temperature, Stress, 1000 psi, for Rupture in
Condition F 10 Hours 100 Hours 1000 Hours
Solution heat treated 1200 -- -- 102
2 hr at 2150 F, AC; 1300 -- 95 80
aged 4 hr at 1400 92 68 50
1650 F, AC 1500 65 45 29
1600 45 28 17
1700 28 18 11
Solution heat treated 1200 -- -- 100
4 hr at 1950 F, AC; 1300 -- 96 74
aged 16 hr at 1400 90 64 40
1400 F, AC 1500 60 38 24
1600 317 23 14
1700 23 12 --
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TABLE LX. TENSILE PROPERTIES OF AGE-HARDENED RENE 41 SHEET
AT CRYOGENIC TEMPERATURES (REF. 26)

0. 020-inch sheet solution treated at 1950 F/30 min, AC,
and aged 1400 F/16 hr.

Notched -

Test Yield Tensile Unnotched
Temperature, Strength, Strength, Elongation, Ratio,

F Direction 1000 psi 1000 psi per cent Ky=6.3

78 Longitudinal 138 181 18 0.91
Transverse 134 174 12 0.94
-100 Longitudinal 148 192 13 0.90
Transverse 145 183 10 0.96
-320 Longitudinal 161 202 9 0.94
Transverse 162 196 7 0.95
-423 Longitudinal 179 212 6 0.99
Transverse 174 206 5 1.00

g 30 0-Solution annealed
®_ -Solution anneale
é‘é, @ 300 D-Age hardened
[ Qg 200 e H
259 100 Sl
= 0
> 400
o
§ o O 200 _D'ﬁ
>=0 O~ e}
» S 100 - 5
0
& 80
S+ 60
- (og
§8& 20
0

500 -400 -300 -200 -100 O 100
Temperature, F

/
FIGURE 59. TENSILE PROPERTIES OF RENE 41 AT
CRYOGENIC TEMPERATURES (REF. 27)

0.062-inch sheet, annealed and aged at
1400 F/16 hr.
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in Table LXIII. The effect of stressed exposure at 650 and 1000 F on
the properties are also shown. The latter have little effect on the
properties of annealed and aged material. However, stressed ex-
posure of sharp-edge notched specimens results in an appreciable
decrease in tensile strength. Similar results for stress-rupture

and creep properties are shown in Tables LXIV and LXV.

TABLE LXI. EFFECT OF SOLUTION-TREATMENT TEMPERA TURE ON TENSILE PROPERTIES
OF WASPALOY (REF. 9)

Test Yield Strength Reduction
Temperature, Tensile Strength, (0. 2% Offser), Elongation in in Area,
F 1000 psi 1000 psi 2 Inches, per cent per cent

1975 F/4 Hr, AC, Plus 1550 F/24 Hr, AC, Plus 1400 F/16 Hr, AC

70 190 130 24 24
1000 172 125 16 20
1200 165 105 23 32
1400 125 99 28 41
1600 80 76 30 54

1825 F/4 Hr, OQ, Plus 1550 F/4 Hr, AC, Plus 1400 F/16 Hr, AC

70 200 140 20 22
1000 172 125 18 22

The properties at cryogenic temperatures are shown in
Table LXVI and Figure 60. The ductility of the age-hardened sheet
is considerably lower than that of annealed material at the very low
temperatures.
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TABLE LXIV. RUPTURE AND CREEP PROPERTIES OF 0.030-INCH
WASPALOY SHEET (REF. 44)

Temperature

800 F 1000 F 1200 F

Stress for Rupture in 50, 000 Hours, 1000 psi

Cold reduced and aged(a) == 122 52
Annealed and aged(b) -- 110 -

Stress for a Minimum Creep Rate of 0.000001 Per Cent/Hr, 1000 psi

Cold reduced and a&ed(a) 164 124 417
Annealed and aged -- 112 66

(a) Cold reduced 40 per cent, aged 2 hours at 1500 F.
(b) Aged 16 hours at 1400 F.

TABLE LXV. ESTIMATED MINIMUM TIME FOR RUPTURE OF
NOTCHED SPECIMENS UNDER A NET SECTION
STRESS OF 40,000 PSI (REF. 44)

Temperature
Direction 1000 F 1200 F

Cold Reduced and Aged(a)

Longitudinal 9500 hr 4000 hr
Transverse 700 hr 100 hr

Annealed and Aged(b)

Longitudinal 6000 hr 120 hr
Transverse 6000 hr 120 hr

(a) Cold reduced 40 per cent, aged 2 hours at 1500 F.
(b) Aged 16 hours at 1400 F.




TABLE LXVI,

TENSILE PROPERTIES OF WASPALOY BAR STOCK AT CRYOGENIC
TEMPERATURES (REF. 26)

Test Yield Tensile Reduction Notched
Temperature, Strength, Strength, Elongation, in Area, Strength,
F 1000 psi 1000 psi per cent per cent 1000 psi
78 122 195 28 28 215
-104 132 203 24 26 234
-320 157 235 117 18 250
-423 163 243 18 14 262

Note: Specimen test section 1/4-inch diameter with 1-inch gage length. Each
notched specimen had 60-degree V-notch 0.037 inch deep with 0.005-inch
notch radius.

2
ggg 400 O Solution annealed
£ gz- 300 O Age hardened
Ss—gaoo £ =8
£ 100
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£2 300
(7]
g 20 »
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FIGURE 60. TENSILE PROPERTIES OF WASPALQY AT

CRYOGENIC TEMPERATURES (REF. 27)

0.060-inch sheet, annealed and aged
1550 F/2 hr plus 1400 F/16 hr.
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UDIMET 500

Wrought Form. Udimet 500 is a high-strength nickel-base
alloy containing appreciable amounts of cobalt and chromium, and
additions of titanium and aluminum to form the age-hardening inter-
metallic compounds. The alloy is normally double aged to develop
the optimum properties (Ref. 15). Solution treatment at 1950 to
2150 F is followed by air cooling. All phases except TiC are dis-
solved by the treatment, but considerable Ni;(Al, Ti) is precipitated
during cooling. The first aging step is at 1550 F, which precipitates
M3C¢ in a discontinuous form at the grain boundaries. This in-
creases creep-rupture life but tends to decrease ductility. Final
aging is done at 1400 F, which determines the ultimate hardness of
the alloy by controlling the size of the Ni3(Al, Ti) precipitate. Higher
room-temperature ductility can be obtained by omitting the 1550 F
treatment, but subsequent service temperatures in the 1500 to 1600 F
range will cause precipitation of large amounts of M;3C¢ in the grain
boundaries again decreasing the ductility.

Two standard heat-treatment schedules have been developed,
depending on the end properties desired. The first, for optimum
tensile properties, includes a solution treatment at 1975 F for
4 hours, and air cooling, followed by the two aging steps mentioned
above. The other, suggested for best high-temperature creep and
rupture strength, includes a preliminary 2-hour treatment at 2150 F,
and air cooling, followed by the same 1975, 1550, and 1400 F steps
as in the first schedule.

The room- and elevated-temperature tensile properties obtained
by the first treatment are given in Table LXVII, while Table LXVIII
and Figure 61 give the stress-rupture properties obtained by treating
according to the procedure recommended for optimum high-
temperature rupture properties.
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TABLE LXVIL. TENSILE PROPERTIES OF UDIMET 500
WROUGHT BAR(2) (REF. 5)

Tensile Elongation Reduction

Temperature, Strength, in 2 Inches, in Area,

F 1000 psi per cent per cent
RT 188 15.0 12.5
1200 175 18.0 18.0
1300 167 19.0 20.0
1400 156 21.0 23.0
1500 144 21.5 27.0
1600 100 21.5 32.0
1700 79 22.0 36.0
1800 45 22.0 40.0

(a) Heat treatment:
1975 F/4 hr, AC
1550 F/24 hr, AC
1400 F/16 hr, AC.

TABLE LXVIIL. STRESS-RUPTURE STRENGTH OF UDIMET
500 WROUGHT BAR(2) (REF. 5)

Temperature, Stress, 1000 psi for Rupture in
F 10 Hours 100 Hours 1000 Hours
1350 96 78 61
1400 86 73 51
1500 65 48 33
1600 47 32 21
1700 31 20 12
1800 20 12 --

(a) Heat treatment:
2150 F/2 hr, AC
1975 F/4 hr, AC
1550 F/24 hr, AC
1400 F/16 hr, AC.

123



100
80::*_':__" T SR SR S s s o 51910 ] S i . S e &
60— —— — T — 11 i R Sl
40__. T — It 1-+ 'SOOF R R o
P—— — B S— AR SV SP E G —
% 30 -—T T 1600F | T D B 1 e o e
Q '—-\.c\,.\"_‘__ ||
g o—L | -
- N\N-_‘L__ 1750
n I
P 0] e en—— - — e
“;, a_"‘ - S SRR 1. L. - - -+ 3 Ty
o |- T
4} Forged bar solution -treated 4 hr L - - 4- 14
3l at 1975F, AC, aged 24 hr at .
1550F, AC; aged 16 hr at 1440F, AC
-] AR ) U R - -
0 20 30 40 50 T 100 200 300 500 700 1000

Time, hr

FIGURE 61. STRESS-RUPTURE STRENGTH OF FORGED

HASTELLOY ALLOY 500 BAR (REF. 6)

Heat treatment: 2150 F/time (dependent on
section size), RAC (rapid air cool); 1975 F/
4 hr, AC; 1550 F/24 hr, AC; 1400 F/16 hr,
AC.

The effect of omitting the 1550 F treatment to improve room-

temperature tensile strength and ductility was mentioned above.
Data supporting this statement are given in Table LXIX.

TABLE LXIX. EFFECT OF ELIMINATING INTERMEDIATE AGING ON ROOM-TEMPERATURE

PROPERTIES OF UDIMET 500 (REF. 15)

Tensile Strength(a), Yicld Strengtll(a). Elongation(a), Reduction in Area(a),
Condition 1000 psi 1000 psi per cent per cent
1(b) 145 119 5.5 7.9
2(¢) 174 119 14.3 16.7

(a) Average of two tests.
(b) 1975 F/4 lr AC, 1550 F/24 Iir AC, 1400 F/I6 hr AC.
(c) 1975 F/4 hr AC, -- , 1400 F/16 hr AC,
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Cast Form. The alloy is also produced in the form of
vacuum-investment castings. Castings are supplied in the as-cast
condition, but the following heat-treatment schedule has been found
beneficial (Ref. 6):

Solution heat treat 4 hours at 2100 F, AC
Solution heat treat 4 hours at 1975 F, AC
Age 16 hours at 1400 F, AC.

HASTELLOY C

Hastelloy C is a nickel-base alloy noted for its good resistance
to aggressive chemicals and to oxidizing and reducing gaseous atmo-
spheres. It retains useful mechanical properties at elevated tem-
peratures up to about 1600 F. The alloy contains chromium, molyb-
denum, iron, and tungsten in amounts almost to the extent of their
mutual solubility (Ref. 45). In contrast to the other precipitation-
hardenable alloys considered in this report, Hastelloy C derives its
strength almost entirely from solid-solution hardening. Aluminum
and titanium, which form the Ni3(Al, Ti) hardening compound, are
essentially absent in this alloy. However, a certain amount of hard-
ening can occur due to the precipitation of Nip;Mog and M4C.

The alloy is supplied in the solution-heat-treated condition.
Wrought products are solution heat treated at 2225 F and water
quenched. The Ni;Mog and some MgC particles are dissolved at this
temperature. The time at temperature depends on the section thick-
ness, but quenching must be rapid to prevent precipitation of the
secondary phases Ni;Mog and M¢C as a harmful film along the grain
boundaries. Sand castings are solution annealed at 2250 F, and
rapid air cooled or water quenched. Overheating of the alloy by as
little as 50 F in excess of these values may impair its tensile
strength (Ref. 4). Investment castings are usually supplied in the
as-cast condition, but they may be aged to increase room-
temperature tensile strength at the expense of ductility. The effect
of variables in the thermal and mechanical treatments on the me-
chanical properties of the alloy are shown in the following sections.

Room-Temperature Properties. Table LXX shows typical
hardness values for various forms of Hastelloy C and the influence of
aging on the solution-treated sheet and investment-cast specimens.

It appears that the aging effect is relatively minor on the sheet speci-
mens, but is somewhat more pronounced on investment castings.
Room-temperature tensile data are summarized in Table LXXI.
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TABLE LXX. ROOM-TEMPERATURE HARDNESS DATA FOR HASTELLOY C IN VARIOUS FORMS
AND CONDITIONS (REF. 4)

Aging
Temperature, Time, Hardness,
Form Condition F hr Rockwell
Sheet, 0.050 in. thick Heat treated at 2225 F, -- -- B-91
RAC
1100 16 B-98
Heat treated at 2225 F, 1200 16 B-102
RAC and aged 1200 48 B-105
1200 72-1/2 B-103
Bar Heat treated at 2225 F, -- -- B-94
RAC
Sand cast Heat treated 2250 F, -- -- B-93
RAC
Investment cast As cast -- -~ B-96
1475 5 C-25.0
As cast and aged 1475 25 C-37.5
1475 100 C-41.0
1475 1000 C-39.0
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TABLE LXXI., EFFECT OF HEAT TREATMENT ON ROOM-TEMPERATURE TENSILE PROPERTIES

OF HASTELLOY C (REF. 4)

Ultimate Yield
Tensile Strength Elongation  Reduction
Strength, (0.2% Offset), in 2Inches,  in Area,
Form Condition 1000 psi 1000 psi per cent per cent
Sheet, 0.050 Heat treated at 2225 F, RAC 128 68 49,0 -
in. thick
Heat treated at 2225 deg, F.,
RAC, and aged:
16 hr at 1100 F, 145 82 44,5 --
16 hr at 1200 F, 126 67 47.8 --
48 hr at 1200 F, 132 72 22.0 --
72-1/2 hr at 1200 F, 135 75 19.3 --
16 hr at 1600 F, 132 76 10.0 --
Investment As cast and aged at 1475 F for:
cast
5 hr 80 62 7.0 12.8
25 hr 98 76 4.0 4.9
50 hr 109 90 1.0 1.5
100 hr 113 98 0.0 2.5
500 hr 122 105 0.0 0,0
1000 hr 122 91 2.0 1.7
As cast and aged at 1600 F
for 16 hr 109 102 1.8 --
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The aging conditions shown increase the tensile strength slightly, but
elongation is decreased appreciably by heating for longer periods and
at the higher temperature. Long-time aging of investment castings
reduces the elongation practically to zero.

Reducing the solution-treatment temperature has been reported
by the Stellite Division (Ref. 45) to have a strengthening effect on the
alloy with some reduction in ductility. These effects are shown in
Figure 62. Similar results were reported by Grossman (Ref. 46).
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FIGURE 62. EFFECT OF FINAL ANNEALING TEMPERATURE
ON THE TENSILE PROPERTIES OF 0. 050-INCH-
THICK HASTELLOY C SHEET (REF. 45)

Experiments were made to evaluate a 2050 F solution treatment in
comparison with the recommended 2225 F. The results on tensile
properties at room temperature and at 1400 F are summarized in
Table LXXII. The slight increase in ultimate strength, decrease in
yield strength, and definite reduction in elongation were attributed to
a slight age—hardenihg effect produced by the incomplete solid solu-
bility at the lower temperature. If these properties are acceptable,
the lower annealing temperature would make available a number of
heat-treating furnaces that cannot operate above 2100 F.
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TABLE LXXII. EFFECT OF SOLUTION ANNEALING AT 2050 F (INSTEAD OF AT
2295 F) ON SHORT-TIME TENSILE PROPERTIES OF 0, 250-INCH
HASTELLOY C PLATE (REF. 46)

Ultimate
Yield Strength Tensile Elongation
Test (0. 2% Offset), Strength, in 2 Inches,
Heat Treatment  Temperature, F 1000 psi 1000 psi per cent
As received RT 56 116 60.0
2050 F/2hr, AC RT 53 124 34.5
As received 1400 38 82 58,0
2050 F/2hr, AC 1400 35 90 39.5

The effect of cold working on the tensile properties is indicated
in Table LXXIII. As expected, cold working increases the tensile
and yield strengths, while decreasing the ductility.

TABLE LXXIII, EFFECT OF COLD WORKING ON THE ROOM-TEMPERATURE TENSILE
PROPERTIES OF HASTELLOY C (REF. 4)

Ultimate Yield
Tensile Strength Elongation
Strength, (0. 2% Offset), in 2 Inches,
Form 1000 psi 1000 psi per cent
Cold drawn, per cent
Bar, 3/4 in.(3) 10 134 104 a4,0®
20 167 166 16.5(?)
30 146 134 29, O(b)
40 191 191 11,5
Cold reduced, per cent
Wire, 0,241-in, 0 115 -- 50,0
original diameter 5 134 98 30,0
diameter(®) 10 139 110 32.0
15 151 130 21,8
20 164 133 17.0
25 174 155 13,0
30 185 165 4.3
35 198 191 6,0
40 204 197 6.0

(a) Developmental data.
(b) Elongation in 1 inch,
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High-Temperature Properties. Typical high-temperature
tensile properties of sheet and cast Hastelloy C are given in Tables
LXXIV and LXXV. Stress-rupture data are shown in Table LXXVI.

These tables give only a limited amount of data on the effect of
changes in thermal and mechanical treatments on the properties
because Hastelloy C is rather insensitive to changes in heat treat-
ment, and the conditions given are those recommended for optimum
properties.

TABLE LXX1V, TYPICAL SHORT-TIME TENSILE DATA FOR HASTELLOY C SHEET (REF. 4)

Test Tensile  Yield Strength Proportional  Elongation
Temperature, Strength,  (0.2% Offset),  Limit, in 2 Inches,
Condition F 1000 psi 1000 psi 1000 psi per cent
Sheet, 0,109 in, RT 121 87 26 47.5
Heat treated at 2225 F, 1000 99 43 31 52
wQ 1200 97 43 32 55
1400 78 40 31 59
1600 56 37 28 417
1800 31 18 13 49
2000 18 9 6 36
Sheet, 0,088 in, RT 143 113 -- 24
Cold reduced RT 145 118 -- 23
20 per cent 600 123 91 -- 26
600 126 104 -- 24,5

ALLOYS 713 C AND 713 LLC

Alloys 713 C and 713 LC are precipitation-hardenable, vacuum-
melted, vacuum-cast nickel-base alloys having excellent strength
properties up to 1800 F. Alloy 713 LC is a low~carbon modification
(0.05 C) of Alloy 713 C (0.12 C). It was developed to obtain in-
creased room-temperature tensile properties while maintaining the
good stress-rupture properties of the base alloy 713 C. The effect
of carbon content on these properties is shown in Figures 63 and 64.
The best combination of good tensile properties at room temperature
and stress-rupture properties at high temperature is obtained in the
0.03 to 0.07 carbon range.

Alloy 713 C is normally used in the as-cast condition, and typical

short-time tensile properties are shown in Table LXXVII. Stress-
rupture properties are given in Table LXXVIII. Heat treatment of
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TABLE LXXV TYPICAL SHORT -TIME TENSILE PROPERTIES AND EFFECT OF HEAT TREATMENT ON
CAST HASTELLOY C, REF. (4)

Ultimate Yield
Test Tensile Strength Elongation Reduction
Temperature, Swuength, (0.2%Offset), in1lnch, in Area,
Form Condition F 1000 psi 1000 psi per cent per cent
Sandcast  Heat treated 1 hr RT 83 50 9. £2) 12.0
2250 F, RAC 500 1 34 20.0 --
750 73 34 20.2 --
1000 64 34 13. 4 --
1200 58 31 14.4 --
1500 54 - 18.2(2) --
1750 30 - 14. o3 --
1950 13 . 27. 8 -
Investment  As cast RT 89 52 11.0 12.2
cast 600 70 36 7.3 7.6
1000 67 - 12.5 14.9
1200 62 .- 15. 6 15.7
1500 56 .- 18.2 15.4
1750 32 -- 14.0 49.0
1950 15 -~ 27.5 60.0
As cast and aged
at 1475 F for:
25 hr 1500 61 -- 15.0 21.8
50 hr 1500 67 .- 19.0 25.7
100 hr 1500 60 -- 22.0 44.1
500 hr 1500 63 -- 12.0 34.6
1000 hr 1500 64 -- 6.0 39.9

(a) Elongation in 2 inches,

TABLE LXXVI. AVERAGE STRESS RUPTURE DATA FOR HASTELLOY ALLOY C IN VARIOUS FORMS
AND CONDITIONS, REF. (4)

Average Initial Stress, 1000 psi,
Test for Rupture at
Temperature, 10 50 100 500 1000
Form Condition F Hours Hours Hours Hours Hours
Sheet, Heat treated at 1200 69 57 54 47 44
0.050 to 0. 141 2225 F, RAC 1350 50 37 33 26 23
in. thick 1500 24 20 18 14 12
1600 17 -- 10 - 6
Bar, 1t0.3.5-1n. Heat treated at 1200 69 58 55 47 43
diameter 2225 F, RAC 1350 48 317 33 25 23
1500 26 20 18 14 12
Investment cast As cast 1200 -~ .- 49 - 42
1350 .- -- 32 -~ 25
1500 25 -- 18 -- 14
As cast and aged
16 hr at 1600 F 1500 217 -- 21 -- 15
As cast 1600 -- -- 13 - 9
1700 -- .- 9 - [
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TABLE LXXVII. SHORT-TIME TENSILE PROPERTIES OF AS-CAST ALLOY 7i3 C

REF. (11)
Yield
Test (0. 2% Offset), Tensile
Temperature, Strength, Strength, Elongation, Reduction in
F 1000 psi 1000 psi per cent Area, per cent

70 106 123 7.9 11.6
1000 102 125 9.7 17.0
1200 104 125 6.7 10.5
1400 108 136 5.9 10.5
1500 95 120 6.0 1.5
1600 72 105 13.9 20.0
1700 56 85 11.8 17.7
1800 44 68 19.17 25.0

TABLE LXXVIIIL.

STRESS-RUPTURE PROPERTIES OF AS-CAST ALLOY 713 C

REF. (11)
Test
Temperatire, Stress, 1000 psi, for Rupture in
F 10 Hours 100 Hours 1000 Hours 10, 000 Hours

1350 -- (973 76 56
1500 (86)(3) 60 44 30
1700 (42)(2) 30 18 12
1800 29 21 13 --
2000 9 6 -- --

(a) Denotes extrapolated values.
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the alloy has been investigated, and it was found that heating for 2
hours at 2150 F followed by air cooling increased the rupture life at
1700 F appreciably, with a reduction in ductility represented by a
drop from 7 to 4 per cent in elongation. In this condition, however,
the alloy suffered a sharp decrease in rupture strength and ductility
at 1350 F. Further investigation showed that a stabilizing treatment
at 1700 F, following the 2150 F solution treatment, was required to
retain optimum properties at 1350 F. These results are summarized
in Table LXXIX.

TABLE LXXIX., EFFECT OF HEAT TREATMENT ON TYPICAL STRESS-RUPTURE PROPERTIES OF
VACUUM-MELTED, VACUUM-CAST ALLOY 713 C (REF. 11)

Temperature, Stress, Elongation,
Condition F 1000 psi Life, hr per cent
As cast 1700 30 76 7
2150 F/2 hr, AC 1700 30 121 4
2150 F/2 hr, AC plus 1700 F/16 hr, AC 1700 30 131 5
As cast 1350 90 232 5
2150 F/2 hr, AC 1350 90 28 2
2150 F/2 hr, AC plus 1700 F/16 hr, AC 1350 90 274 5

Some data have been accumulated on the impact properties of
Alloy 713 C as related to grain size and heat treatment; these are
shown in Figure 65. In general, cast alloys do not attain the high
level of impact strength shown by wrought alloys. The results
indicate that solution treatment of the alloy offers a slight improve-
ment in impact strength up to about 1300 F.

The fatigue strength of Alloy 713 C in several conditions has been
determined. Some of the data, replotted in Alloy Digest, D-1128
(Ref. 47), are shown in Figures 66 to 69. The effect of a 2150 F
treatment followed by aging for 2 hours at 1700 F, compared with
as-cast results, are shown in Figures 66 and 67. Several treat-
ments, representative of conditions encountered in brazing, followed
by stress relieving or aging, were compared in Figures 68 and 69.
These results all indicate that fatigue life is definitely affected by the
prior thermal history of the material.

Very little additional data are available on the effect of heat
treatments on the properties of Alloy 713 LC. One comparison,
showing the influence of a solution treatment on the room-
temperature tensile properties of low-iron and high-iron 713 LC is
made in Table LXXX. Apparently, solution treatment improves the
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tensile and yield properties in both materials, but the ductility of the
low-iron material is decreased, whereas little effect is evident on
the high-iron material.

TABLE LXXX. TENSILE PROPERTIES OF ALLOY 713 LC SPECIMENS MACHINED FROM ROTOR
HUBS (REF. 12)

Yield
Strength
(0.2% Tensile Elongation  Reduction
Offset), Strength, in 2 Inches, in Area,
Condition 1000 psi 1000 psi per cent per cent Remarks
As cast 96 101 17. 0 20.0 Material containing
2150 F/2 hr plus AC 121 140 10.5 17.5 less than 0. 5 per
cent Fe
As cast 89 94 16.0 - Material containing
2150 F/2 hr plus AC 101 112 18.2 -- about 1.5 per
cent Fe

Increasing iron content has been shown to decrease the high-
temperature stress-rupture life of Alloy 713 LC (Ref. 12).

IN-100

IN-100 is a nickel-base casting alloy developed for use at tem-
peratures up to 1900 F. As shown in Table I, the alloy contains
chromium, cobalt, molybdenum, and relatively large amounts of
aluminum and titanium. The alloy is strengthened by precipitation
hardening (Ref. 48), the Ni3(Al, Ti) gamma-prime precipitating from
the matrix on cooling of the casting from the solidification tempera-
ture; or on cooling after solution treatment. The alloy also contains
a large amount of MC (M being predominantly titanium). M}3Cg can
form during elevated-temperature exposure as MC breaks down.

A study was made to determine the optimum solution-treatment
temperature (Ref. 49) by metallographic examination of specimens
heat treated for 2 hours over a 2100 to 2200 temperature range in an
argon atmosphere. It was concluded that complete solution of the
gamma prime occurs only between 2170 and 2200 F. However,
eutectic melting was observed at 2200 F, and solution treating at this
temperature is not advisable. Only partial solution of the gamma
prime takes place in the 2100 to 2170 F temperature range.

The effect of solution treatments at 1900, 2050, and 2150 F on
tensile and rupture properties were also examined in this
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investigation. The results are presented in Tables LXXXI and
LXXXII, respectively. All three treatments reduced the tensile
properties at 1300 F from those in the as-cast condition. The rup-
ture results show that the life at 1800 F/29,000 psi decreased gradu-
ally from an average of 33 hours in the as-cast condition to approxi-
mately 28 hours in the 1900 F solution-treated condition.

A comparison of the short-time tensile properties of the alloy in
the as-cast condition and in the solution-treated condition is shown
in Figures 70 to 75. These indicate the same general effects as re-
ported in Tables LXXXI and LXXXII from another investigation. The
solution treatment reduces the tensile properties over the entire
range of test temperatures. However, there is appreciable scatter
in some of the results obtained from replicate tests, particularly in
elongation. Probably more testing is needed to establish the usable
property ranges.

CONCLUSIONS AND RECOMMENDATIONS

It is clear that nickel and nickel alloys respond to a wide variety
of thermal and mechanical treatments which profoundly influence
mechanical properties. As a result, a tremendous range of me-
chanical properties is available in these materials. It is equally
evident that a vast amount of information on the performance and the
properties of nickel and nickel-base alloys has been accumulated.
Indeed, it can be said that nickel metallurgy is a well developed
technology.

However, in spite of the very considerable understanding of
nickel and its alloys which has been achieved, blank spots and areas
of ignorance remain. This is to be expected even of the most ad-
vanced and intensely researched fields of science and technology.
Thus, nickel and its alloys continue to possess untapped potential
and to offer a challenging spectrum of opportunities. Examples re-
lating to thermal and mechanical treatment are given in the following
paragraphs.

1. In spite of the observation that forming wrought nickel alloys
at cryogenic temperatures does not increase strength properties
significantly, there may nevertheless be advantages to carrying out
forming operations at such temperatures. It is quite possible that
the low temperature would tend to impede localized slip during
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TABLE LXXXI.

EFFECT OF SOLUTION-TREATMENT CONDITIONS ON THE 1300 F
TENSILE PROPERTIES OF IN-100 (REF. 49)

Ultimate Yield Yield
Tensile Strength Strength Reduction

Strength, (0.2% Offset), (0.02% Offset), Elongation, in Area,

Condition 1000 psi 1000 psi 1000 psi per cent per cent
As cast 155 127 111 7.0 9.3
159 121 102 12.5 19.7
154 125 102 7.0 13.9
2150F/2 hr/RAC 136 120 103 5.0 7.0
135 120 96 5.0 4,8
143 117 98 8.0 9.2
2050F /24 hi/RAC 132 117 97 4.5 6,3
132 115 101 5.0 10,1
124 112 88 4,0 7.8
1900F/24 hi/RAC 139 121 87 3.5 4,0
136 120 105 3.5 8.6
132 117 93 4,0 4,7

TABLE LXXXII.

EFFECT OF SOLUTION -TREATMENT CONDITIONS

ON THE ELEVATED-TEMPERATURE RUPTURE LIFE

OF IN-100 (REF. 49)

Cast bars tested at 29, 000 psi and 1800 F.

Reduction

Elongation, in Area,

Condition Life, hr per cent per cent
As cast 25.4 6.4 8.0
36,7 7.3 10.5
33.4 7.1 7.9
2150F/2 hi/RAC 33.4 4.3 8.8
32,6 8.7 11.1
29.9 7.3 12,1
1900F/24 hr/RAC 21.3 8.1 8.4
30.8 9.3 16.8
32.17 7.6 9.2
2050F/24 hr/RAC 28.1 7.4 10,0
33.4 8.9 10.8
16.2 5.1 7.1
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plastic deformation, thus, forcing an increased number of slip planes
and slip systems over a comparatively large region to participate.
The result would be increased uniform elongation and, consequently,
increased forming capability. Thus, it is possible that a component
which is difficult to form at room temperature might be easier to
form at cryogenic temperatures.

2. Bright annealing and bright hardening of nickel-base alloys
containing chromium, aluminum, or titanium are operations which
are difficult to accomplish. A vacuum or an extremely pure dry
inert gas atmosphere is usually required. Otherwise, a stable
tenacious oxide film will form which can be removed only with great
difficulty. It would be possible to simplify these operations and
extend their range of applicability if a suitable coating were devel-
oped to protect the metal during these thermal treatments.

Much effort has been directed toward developing coatings to
protect steel during heat treatment. All have some shortcomings.
A satisfactory coating for nickel alloys should be capable of applica-
tion by a simple method such as dipping, spraying, or brushing;
moreover, it should crack or spall off on quenching, or be otherwise
easily removed after the heat treating cycle has been completed.

3. By impeding dislocation movement, grain boundaries influ-
ence strength. Thus, fine grained materials with their greater pro-
portion of grain boundaries per unit volume exhibit greater room-
temperature strength than the same material in the coarse grained
condition. At elevated temperatures, where the deformation mecha-
nism is different, the reverse is actually the case.

To change the grain size of nickel and wrought nickel alloys re-
quires controlled hot working or cold working followed by annealing.
It may be possible to so regulate these operations that extremely
fine grains are produced, perhaps of submicroscopic size. Nickel
alloys with an extremely fine grain size could well have unusual
strength properties; this could be especially true of those alloys
which respond strongly to age hardening.

By way of a recommendation, it is suggested that further con-

sideration be given to the above enumerated items. Some or all of
them may merit research effort.
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