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PHYSICAL METALLURGY OF ALLOY 718
by

H, J. Wagner and A, M, Hall*

SUMMARY

Wrought, weldable nickel=chromium-base
Alloy 718 was introduced about 5 years ago for
service at medium temperatures, i, e, , to about
1300 F, Though not as strong as tie nickel-base
superalloys in the 1500 to 1800 F range, its com-
bination of good mechanical and fabrication
properties at both high and low temperatures has
earned it an important role in a number of aero-
space systems, It has been used for its good
cryogenic properties in cryogenic tankage for
rociets; its short«time strength at temperatures
ta 1200 ¥ has permitted its use in liquid-fueled
rocket crrgines; its creep~rupture properties at
temperatures up to 1300 F have enabled it to be
used in fabricated parts of various aircraft
turbine engines,

The chemical composition and heat treat-
ment of Alloy 718 act together in producing the
properties desired, In particular, it has been
found that the columbium, aluminum; titanium,
and carbon content have important influences,
Recent information indicates that for optimum
creep~-rupture propertiesa, il is desirable to
maintain aluminwun on the high side, and titanium

*Associate Chief and Chief, Ferrous and High
Alloy Metallurgy Research Division, Battelle
Memorial Institute, Columbus, QOhio,

on the low side, at the same time usipg 1750 ¥
annealing temperatures, For optimum short-time
tensile properties at cryogenic or medium tem-
peratures, the trend has been towards lower
aluminum content, higher titanium content, and
an annealing temperature of 1950 F. In all types
of applications the~e has been a tendency toward
reducing the range of allowable composition,

Microstructtre and microconstituenis are,
as expected, profoundly influenced by composition
and heat treatment, The report describes micro-
structures and cunditions for the formation and
solutior. of Laves phase (freckles), NigCb, gamma-
prime strengthening phase, and other microcon-
stitucnts, The nature of the Y' strengthening phase
is indicated to be a .netastable phase based on the
Ni3zCb composition, but with a body~centered
tetragonal Ni;V structure, After overaging this
transforms to the stable orthorhombic NizCb.

Though much has been learned concerning
Alloy 718, this report indicates that much more
understanding needs to be obtained in order that
the full potentialities of the alloy may be realized,
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INTRODUCTION

Some 5 years ago a wrought, weldable nickel-
chromium-base alloy was introduced, (1)* prima-
rily, it was intended for use at medium temnpera-
tures, 1300 F at most, its main applications being
in lightweight welded frames and other assemblies
in aircraft turbojet engines, It filled a need for a
weldable, wrought material which the nickel-base
superalloys were not fully capable of satisfying.
Though the nickel-base superalloys have outstand-
ing strength at higher temperatures - between 1500
and 1800 F - they are quite difficult to weld,

Since Alloy 718 was first introduced, it has
broadened its areas of application into the
cryogenic-temperature field, Its good properties
in the range of temperature from -423 to 1300 F
make it especially suitable for use in the LOX-
LH, rocket engines., In these applications,

Alloy 718 is used for the fuel/oxidizer injector
plates, forged rings, thrust chamber jackets,
turbine wheels, bellows, and tubing.

The nominal composition of Alloy 718, con-
trasted with René 41, is as follcws:

N1 Co Or Fe Mo Ti Al Cb C B

Alloy 53 -- 19 19 3 0,8 0.6 5,2 0,05 0,004
718
René 55 11 19 -- 10 3 1.5 -~ 0,09 0,005
41

This illustrates how Alloy 718 differs from the
nickel-base superalloys: (1) substitution of colum-
bium for much of t..e aluminum and titanium, (2} the
introduction of almost 20 percent iron, and (3) re-
duction of the amounts of cobalt and molybdenum,

The effect of these differences is to reduce
the high-temperature capabilities of Alloy 718, but
in return for this loss Alloy 718 has gained welda-
bility.

The improved weldability of Alloy 718 derives
mainly from a change in composition of the princi-
pal strengthening phase, y'{gamma prime), While
the nickel-base superalloys are streangthen=d by
a Y' phase corresponding to Ni,(al, Ti), the y'
in Alloy 718 is meinly Ni3(Al, Ti, Cb), or perhaps
Niz(Al, Ti, Cb, Mo). Some disagreement exists
as to the exact composition of the phase, In most
general terms, it is described as a metastable
structure, rich in columbium, and initially precipi-
tating such that it is coherent with the fcc {face-
centered cubic) matrix. Because the rate of
precip:tation of the Y' is relatively low, in com-
parison with the rate in the nickel-base superalloys,
precipitation hardening does not occur during the
welding cycles, It is this fact that accounts for the
good weldability of Alloy 718.

The properties and microstructure of Alloy
718 are strongly influenced by heat treatment and

*References are given on pages 23 and 24,

composition, This report discusses these in-
fluences, arnd to the extent that information has
been found, illustrates their interrelationships.
However, no attempt has been made to present a
complete compilation of design properties in this
report,

EFFECT OF COMPOSITION AWD HEAT
TREATMENT ON MECHANICAL
PROPERTIES{I=T)

The composition range for Alloy 718 given
in Specification AMS 55964 is as follows:

Cr 17.00-21,00 Mn 0,35 maximum
Ni + Co 50,00-55,00 Si 0. 35 maximum
Mo 2,80-3,30 P 0.015 maximum
Cb + Ta 5.00~5,50 S 0.015 maximum
Ti 0.65-1,15 Co 1.0C maximum
Al 0.40-0, 80 Cu 0,10 maximum
B 0.0020-0,0060

Fe Balance

C 0,.03-0,10

Various companies have issued specifica-
tions for Alloy 718 with chemical composition
differing from that shown ubove, These specifi-~
cations are discussed later.

Heat treatment of Alloy 718 to devzlop
tensile properties, stress-rupture properties,
or good notch-tensile properties have undergone
considerable change since 1960, For background,
some of the changes that have occurred are
discussed below,

Characteristically, high strength in Alloy
718 is developed by a high-temperature annealing
treatment followed by a lower temperature aging
treatment. The specific annealing and aging
temperature and times, as well as the rates of
cooling from these temperatures, have been al-
tered steadily over the past 5 years,

In 1960 the International Nickel Company,(z)
who had developed the alloy, recommended that
hot-rolled or annealed (mill annealed) products
be aged at 1325 F for 16 hours. An optimum
aging temperature of 1275 F for 16 hours was
recommended for cold-rolled sheet,

Annealing tempervatures of about 1750 F
were recommended, and users were cautioned
not to use annealing temperatures exceeding
1800 F. Figure 1 illustrates some of the data
supporring the recommendations,

Subsequently, it was found that improved
mechanical properties could be obtained by
modifying the aging treatment. (1,3,4) Barker(l,3)
reported that aging at 1200 F for 200 hours
{following the 1700 F to 1325 F treatment) could
raise the room-temperature tensile strength from

180,000 to 240,000 psi, Also, a double~-aging
procedure has been found to be beneficial. The
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May, 1961, data report of the International Nickel
Co.(4) recommended the following for improving

the yield and tensile strengths without decreasing
the ductility or stress-rupture properties:

(1) Anneal, age at 1325 F for 8 hours,
furnace cool at the rate of 20°/hr to
1150 F, air cool

{2) Anneal, age at 1325 F for 8 hours,
furnace cool at the rate of 100°/hr to
1150 F, hold at 1150 F for 8 hours,

air cool,
200
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FIGURE 1. EFFECT OF ANNEALING TEMPERA-

TURE ON THE ROOM-TEMPERATURE
TENSILE PROPERTIES OF ALLOY

718 ~ ADAPTED FROM A 1960
BROCHURE(2)

Annealed for 15 min; aged at 1325 F for 16 hr,

ir addition, a change was made in the
annealing proecedure, Thus, for cptimum teusile
properties, annealing at 1700 to 1800 F was
recommended, but for best stress~rupture

properties 1900 F was preferred,

In the course of the past few years, con-
siderable data have been accumulated shcwing the
effects of annealing temperature, aging tempera-
ture and times, and chemical composition.
Nevertheless, the present situation is that the
matter is still unsettled, One reason is,
undoubtedly, that the data have not always been
consistent. One reason for the lack of consistency
seems to have been that the optimum heat treat~
ment depends on the chemical composition,
particularly the aluminum content. This is
illustrated in Figure 2, which is plotted from data
in a latrobe Steel Company report,

190 -~

180 ﬁ\
O
170 ~.4
o G\
160 \&
& Annealed af 1700F, | hr, air cooled ; aged

ot 1325F 8 hr, cool at 100°/hr to lISOF;
age at {I50F 8 hr , air cool.

0.2% Yield Strength,I000 psi

150 —
O Annedled ot I750F , aged as above
O Annealed ot {80OF ,aged as above
140
130

0.2 0.3 04 0.5 06 07 08
Aluminum Content, per cent

FIGURE 2, YIELD STRENGTH OF ALLOY 718
AS A FUNCTION OF ALUMINUM
CONTENT

Latrobe Steel Company data(5)

Eiselstein{®) made a systematic study of
the effects of changes in the titanium, aluminum,
boron, and columbium.content on the mechanical
properties of Alloy 718, He found, as expected,
that the effects of chemical composition were
dependent on the heat treatment, The effect of
aluminum content on the room-tamperature
vield strength was a function of both the annealing
temperature and the aging temperature, When
the alloy was heat treated as follows:
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Anneal: 1750 F, 1 hr, air cool
Age : 1325 F, 8 hr, furnace cool at
2C°/hr to 1150F, air cool,

it was found that increasing the titanium and
columbium content within the specification range
increased the yield and tensile strengths at room
teinperature and at 1200 F, The clongation was
correspondingly decreased, Increasing aluminum,
on the other hand, seems to have lowered the
tensile and yield strengths, without affecting the
elongation, Boron had a slight adverse effect on
room-temperature tensile strength but increased
the elongation,

At 1300 7, increasing the titanium content
increased the tensile and yield strengths, while
decreasing the elongation, Increasing the
aluminum content over 0,7 percent resulted in a
slight increase in tensile strength, accompanied
by a decrease in the elongation,

Table ! summarizes the results ¢l some
of Eiselstein's experiments on the cffects of
aluminum and titanium,

Figures 3 and 4{7) show the effect of
aluminum content on the room-teraperature ten-
sile properties of Alloy 718 annealed at 1750 or
1950 ¥, and then aged at 1325, 1350, 1375, or
1400 F, followed by aging at 1200 ¥, These
figures show how intimately related are the heat
treatment and composition, For the highest
yield strength, the optimum combination would
be: low aluminum, 195C F anneal, and a 1325 or
1350 F aging treatment, However, in rupture
testing, specimens with this chemical composition
and heat treatment are notch brittle,

The combination of low aluminum content,
high annealing temperature, and relatively low
aging temperature is also good with respect te
fatigue lite and short transverse properties but
is not desirable when optimum long-time stress-

Cn e = © s ke N Neatvne——

rupture propervties are needed, If the aluminum
content 15 not low, however, the 1750 I anneal
in combination with a 1325 to 1350 F aging treat-
ment seems preferable,

The effect of columbium content on the
tensile properties is shown in Figure 5, Often,
when speaking of colembium, the term columbium
4 tantalum is used, In such a case, the tantalum
content can be considered to be 10 percent of the
columbium content, The figure shows a regular
increase in yield strength as the columbiura +
tantalum is increased from 2 to 6 percent, for
the annealed and aged material, As annealed
(not aged), an increase in tensile and yield
strengihs was also observed, which is indicative
of some solution strengthening,

Although Figure 5 shows some advantage in
columbium contents above 5 percent with respect
to tensile strength, the ductility drops noticeably.
Therefore, composition limitations were first set
at rominally 5 percent columbium, Existing
specifications allow up to 5.50 percent columbium,

Carbon in amcounts between 0,0l and 1
percent was found to reduce the yield and tensile
strengths at 1300 F, Presumably, this decrease
is the result of reduction in the effective amount
of columbium, which is tied up by the carbon,

Snmiooth-bar rupture life appears to depend
more on the annealing temperature than on the
chemical composition, In investigating the effects
of boron, titanium, aluminum, carbon, and
annealing temperature (+ 1325 F age, 8 hr, furnace
cooled to 1150 F, air cooled), Eiselstein{®) found
that increasing the annealing ternperatures from
1750 or 1800 F to 1900 F increased the rupture
life more than did compositional changes while
the annealing temperature was held at 1750-1800
F, With the 1900 F' anneal, compositioual varia=
tion was more important than when the lower
annealing temperature was used, In general, it

TABLE 1. SUMMARY(®) OF THE EFFECT OF VARIATION OF THE TITANIUM AND ALUMINUM

CONTENT OF ALLOY 718(6)

Range of Tensile Strength Yield Strength Elongation
Variation, Room 1200 1360 Room 1200 1300 Room 1200 1300
Element percent Temp F F Temp F F Temp F F
Titanium 0.6-1.3 + + + + + + - -
Aluminum 0.4-0.9 - - - - 0
0,.1-0.8 + ~0 -
(Over
0.7%)

(a) +, increase; -, decrease; 0, no change.

Heat treatment: 175C F, 1 hr, AC + 1325 F, 8 hr, FC at 20°/hr to 1150 F, AC,
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was found that in 130¢ ¥, 75
tests

,000=-psi rupture

(1) Titanium had little or no effect on the
smooth~bar rupture t.fe,

(2) Increased aluminum increased the
rupture life, but there was no advan-
tage to adding over O, 4 percent,

(3) Boren increased the rupture life, but
for annealing temperatures of 1750 or
1800 F, there was no advantage to
adding over 0, 003 percent, For
annealing temperatures of 1900 F,
however, amounts of 0, 004.0, 006 were
most cifective, particularly when the
aluminum was low and the titanium high,

(4) Carbon, in the presence of 0,004-0, 006
percent boron, was found to increase
the notch-bar rupture life but decrease
the smooth-bar rupture life,

Data on the interrelationships among
chemical composition, heat treatment, and
mechanical properties are still being gathered,
The foregoing gives some idea of the complexity

of the relationships, and suggests why more daca
are needed, Meanwhile, specifications for
chemical composition and heat treatment have
undergone many changes since the alloy was first
developed, These specifications are discussed
in the next section,

TRENDS IN SPECIFICATIONS

Specifications for Alloy 718 have been
issued by a number of companies, \°” who
intend using the alloy in different kinds of service,
In the main, the service for which the alloy is
intended can be grouped into the following categor-
ies:

(1) High temperature, requiring good short-
time tensile properties

(2) High temperature, requiring good creep~-
rupture properties

(3) Cryogenic, requiring good tensile pro-
perties and toughness,

The major application for the material in
the first category is in the hot parts of liquid-
fueled rocket engines, Aircraft turbine engines
are the main applications for the second category,
In Category (3) fall such missile hardware as
cryogenic tankage and piping, These applications
are sometimes called out in the specifications
themselves, as indicate< in the following quota=~
tions from some of the specifications:

AMS 5596A(8)

2. Anplicatior: Primarily for parts, such
as cases and ducts, requiring high
resistance to creep and stress rupture
up to 1300 F (705 C) and oxidation
resistance up to 1800 F (980 C), parti-
cularly those which are formed and
then heat treated to develop required
properties, "

RBD170-101(10)

"}, Scope: This material is a nickel-base
heat-rasistant alloy which is intended
primarily for parts requiring high
short-time tensile strength up to 1000
F and oxidation resistance up to 1800 F,
It has good cryogenic properties and
better weldability than other age har-
denable nickel-base alloys, "

EMS-581c(15)

"3, Application: Primarily for parts
requiring high strength and corrosion
resistance at both cryogenic and eleva-
ted temperature, particularly those
which are machined and welded ard then
heat treated to develop required

PCTN R
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properties, Material has good oxida~
tion resistance up to 180C F but is use=-
ful at temperatures above 1200 ¥ only
when stresses are low, "

Because of the necessity of satisfying differ-
ent kinds of applications, we find today that the
specifications are becoming more restrictive as
to chemical ce ~osition and, depending on the
intended application, will ask for widely differing
heat treatments,

In particular, the differences between the
various specifications lie mainly in the columbium,
aluminum, and titanium content. Smaller differ-
ences exist among the carbon and boron content,
Table 2 illustrates the allowable chemical com-~
position according to selected specifications,

The gencral trend seen in Table 2 is

for the specifications applicable to aircraft
; FS 12-1 .
engines ‘%> to tend toward:

(1) Limits of 0,65~1, 15 titanium

(2) Limits of 0,40-0, 80 aluminum

{3) Limits of 5,00-5,50 columbium,

The trend for liquid-fuel rocket engine
manufacturers(9,10) is towards higher titanium

(up to 1,4 percent) and lower aluminum content
(0.2 to 0,7 percent),

TABLE 2.

A good illustration of the devalopments
that have taken place in arriving at the present
specifications is obtained by comparing Rocketdyne
Specification RB0170-039 (November, 1962) with
RBO0170-101 (March, 1965) which replaces =039,
Notice that the columbium range has been de-
creased by raising the minimum from 4,75 to
5,00 percent; the titanium range has been de~
creased by raising the minimum from 0, 65 to
0, 85 percent; the aluminum range has been
decreased by raisiig the minimum from 0, 35 to
0.40 and lowering the maximum from 0,85 to
0,70, Also, the maxima on carbon, silicon, and
manganese have been lowered,

oifi

A further example of this trend is observed
by comparing AiResearch Specification EMS=-581c
(Janvary, 1965) with its original version, EMS-581
(August, 1962), The main application is for
cryogenic tankage, but may include high-
temperature tensiie-limited components.

EMS~-581 EMS-~581c
Cb + Ta 4,75-5,75 4,75=-5,50
Ti 0, 30-1, 30 0,70-1,40
Al 0,20-1, 00 0,20-0,70
B - 0, 006 max
C 0,10 max 0,08 max

A
s s ety
3

Besides changes in composition, there have
been changes in heat treatment, Most curious has
been the complete reversal in the original ideas

CHEMICAL COMPOSITION OF ALLOY 718 ACCORDING TO VARIOUS SPZCir ICATIONS

Amount Specxfled(a), percent

Identification Company Cb + Ta T Al

S
{max)

Mn
(max)

S
{max)

Cu

B C {max)

AMS 5596(8)(b)  society of 5.00-5.50 0,65-1,15 0,40-0
Automotive
Engineers

Aerojet-General

North Ame sican
Aviation-
Rocketdyne

North American
Aviation-
Rocketdyne

General Electric 4.
Company, Large
Jet Engine
Division

General Electric 5.
Company, Large
Jet Engine
Davision

Pratt and
Whitney
Aarcraft

AiResearch
Manufacturing
Company

0.65-1,
0.85-1,

AGC-44152(9)
RB0170-101(10)

4. 40

15

RB0170-039{11) 4. 0.65-1,15

B50T62-56(12) 75-5.50 0,70-1.40

c50T79(51){13) 00-5.50 0.65-1,15

PWA 1009-c(14) 00-5.50 0.65-1,15

EMS-581c(13) 4,75-5.50 0,7-1.4

-0.70

0.35-0,

20-0,

0.40-0.

.40-0,

0,2-0,

.80 0.002-0.006 0.03-0,10 0.35 0,35 0.015 0,10

.80 0.001-0,010 O,

. 006 max 0,

.015
.015

10 max
06 max

[=]

85 9,006 max 0.03-0.10 45

.002-0,010 0,10 max .45 .03

.002-0,010 0,

(=]

N

10 max

.006 max 0,03-0,10 0.35 .35 .015 0,10

7 0,006 max 0.08 max .45 .40 .015 0.30

(a)

In addition to the elements shown 1 the table ; all specifications call for the following:

Co, 1.00 max, N1 + Co, 50.00-55,00, Cr, 17.00-21.00, Mo, 2.80-3.30, Fe, balance,

When specified, P 1s 0,015 maximum, Ta is listed in RBO17C

Superscripts refer to references.

(&)

-101 as 0.50 max and 1n B50T69-S6 as 1,00 max.




e

that high annealing temperatures were good for
creep=-limited applicai:ions ,» and low annealing
temperatures for tensile-limited applications,
The aircraft engine manufacturers, desiring good
creep-rupture life, have found that 1700 or 1750 F
for 1 hour is the preferred annealing treatment, *
On the other hand, when good tensile properties
at temperatures to about 1200 F are needed, the
annealing temperature is now specified as 1950 F,
This temperature seems preferred also when
toughness at cryogenic tempecatures will be re-
quired in service,

The main reason for not using the 1550 F
anneal for creep~rupture-limited applications is
that the material lacks rupture ductility, The
trend toward higher annealing temperature for
tensile-limited applications has been tied in with
a lowering of the specifieu aiuminum content,
Data iilustrating the improved tensile properties
under these conditicns were shown in the previous
section, Moreover, it has been reported that
lowering the aluminum content also improves the
weldability,

Typical heat treatments are listed in Table
3. Generally, the heat treatment consists of an
anneal for 1 hour or mure, followed by air

%Sometimcs tne annealing treatment is referred to
as a "solution treatment, ' This is proper only
when the temperatures exceed 1750 F, because
complete solution does not take place below
1750 F (see next section).

-3

cooling {or faster¥), Then the alloy is double
aged to develop high strength (see page 22 for an
explanation of the mechanism)., The usual method
is to hold for 8 hours at the first aging tempera=
ture, furnace cool at the rate of 100 °/hr to the
second aging temperature, hold 8 hours, and air
cool, As an alternative, some specifications
permit holding 8 hours at the first aging tempera=
ture, furnace cooling at an unspecified rate, and
holding at the second aging temperature until the
total elapsed time since the start of the first
aging step is 18 hours. In the Rocketdyne and
Aerojet-General specification, the time of first
aging may be 10 hours, and the total elapsed. time
may be 20 hours instead of 18 hours.

Depending on section size, the specifica=
tions call for the following mechanical properties
after the aging treatment:

Minimum Yield Strength,
psi

At room temperature 145-150,000 psi

At 1200 F 120-125,000 psi

At-320F 175,000 psi

Rupture stress for 23-hour 72,500-75,000 psi
life at 1300 F

*Water quenching, oil quenchirg, or air cooling
(~400° /min), Slow cooling (<40 °/min) can
result in low yield strengths after aging, (16)

TABLE 3. ANNEALING AND AGING TEMPERATURES
Annealing First Aging Second Aging
Specification Temperature, Temperature, Temperature,
Identification Company F F F Aging Method(a)
AMS 5596A Society of Automotive 1750 1325 1150 lor Il
Engineers
B50T69-S6 General £lectric 1700 1325 1150 1
Company
C50T79(S1) General Electric 1800 1325 1150 1
Company
PWA 1009-C Pratt and Whitney 1750 1325 1150 Iorll
Aircraft
EMS-581c AiResearch 1950 1350(b) 1200 I
RB0170-101 Rocketdyne 1950 1400 1200 III
AGC-44152 Aerojet-General 1950 1350 1200 v
fa) I: Hold 8 hr at first aging temperature, furnace cool at 100°/hr to second aging temperature,

Hold 8 hr, air cool.

1I: Hold 8 hr at first aging temperature, furnace cool to second aging temperatur

Hold at

second aging temperature until total time elapsed since the beginning of the .irst aging

15 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.

A




There are slight variations from these
figures in some of the specifications, bui they
illustrate the general requirements, When the
1950 F anneal is specified, however, no demands
for a 1300 F rupture test are made,

The effect of various heat treatments on
properties has been accompanied by a consider-
able amount of work on understanding the micro-
structure and phases that are present in Alloy 718,
These are discussed in the next section,

MICROSTRUCTURE AND MICROCONSTITUENTS

Alloy 718 is used primarily in the wrought
form, Nevertheless, certain features of the cast
structure can be retained in the wrought structures,
and, in these cases, have a strong influence on the
mechanical properties of the wrought product,
Accordingly, the microstructures of both cast and Overetched in Chromic Acid
wrought Alloy 718 are discussed,

FIGURE 7, CAST STRUCTURE OF TOE OF

Gast Alloy INGOT WITH 5, 4% Cb + Ta(6)
Figures 6 and 7 show typical cast structures (Reduced approximately 20 percent in printing)

obtained from different parts of the same ingot. (6)
Figure 6 shows the head end, while Figure 7 shows
the toe end, which had cooled much faster than the
head end, The dendrites are the light areas and
the matrix is the dark area, .Me light constituent
within the dark area has been identified as a Laves
phase of the AyB type, Figure 8 shows a finer
distribution of the phase as found in the center of

a 9-inch-diameter air-melted ingot,

Electrolytic, Chromic Acid

FIGURE 8, CENTER OF AIR-MELTED 9-INCH-
DIAMETER INGOT(22)

{Reduced approximately 20 percent in printing)

Freckles

The Laves phase has been identified with
the phenomenon of 'freckles' which (unlike the
microstructures shown) appear as dark-etching
constituent\s when large sections are macroetched,
Figure 9(6} igan example of freckles in a large
forging in which the cast structure has been re~
tained in the center, Their geometry is actually
rod-like, extending in a general axial direction

. . .. but perpendicular to the freezing front i -
Reduced approximately 20 perp g tront in arc-cast
( pproxi ey percent in printing) billets, Eiselstein{®) reported that in the annealed

Overetched in Chromic Acid

FIGURE 6, CAST STRUCTURE OF HEAD OF
INGOT WITH 5, 4% Cb + Tal6)

e e e i S er b e s i R
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VACUUM=~-ARC-MELTED AND CAST 16-IN, -DIAMETER INGOT FORGED AND TURNED TO

FIGURE 9,

12-IN, -DIAMETER ROUND

Note the dark~etching

ingot,

tion was taken from the toe end of the forged

This cross sec
freckles", (6)

o




10
and aged condition, samples containing freckles
had yieid strengths of approximately 120,000 psi,
as compared to an expected value of 150,000, It
was also reported that the ductility of the freckled
samples was ''poor'',

Poor ductility in regions having a large
amount of Laves phase in a coarse dendritic struc-
ture seems well documented, Figures 10 and 11
are examples, The specimens represcated in
Figures 10 and 11 were from slightly worked
cast ingots, The elongations in tensile tests were,
respectively, zero percent and 15 percent.(

Figures 12 and 13 show areas in a forging
made by Beech Aircraft Corporation froma
12-in, forged billet of Alloy 718 that had shown
severely freckled areas, The banded structure
and mixed grain size is believed to have resulted
from the chemical heterogeneity in the vicinity of
the freckles,

Because of the adverse effect of freckles
{or Laves phase), there has been 2 good deal of
study put into identifying the conditions of chemical
composition and heat treatment th«t promote them,
Generally, the occurrence of the Laves phase has
been associated with the cast state,

Barker(18) has reported on the effect of
various heat treatments of the microstructures
and microconstifuents of cast Alloy 718, Figures
14-20 show some of the microstructures obtained
from various cast ingots, These microstructures
show that the Laves phase present in the cast

106X Overetched in Chromic Acid

FIGURE 10, SLIGHTLY WORKED CAST STRUC-
TURE HAVING ZERO PERCENT
ELONGATION IN A TENSILE TEST(6)

(Reduced approximately 20 percent in printing)

structure is not affected by solution treatment at
temperatures below 2100 F, Apparently it can be
dissolved at 2iC0 F or above, Kaufman and

Palty( 19} obtained an Fe 2(Ti, Cb) phase in wrought
Alloy 718 annealed at 2250 F, It is likely, how=~
ever, that grain-boundary melting had occurred at
this temperature, as shown in Figure 21, Subse-
quent treatment at 1800 and 2000 F tended to
spheroidize and agglomerate the phase,
Eiselstein{6) reported that this phase was present
in a specimen held for 100 hours at 1700 F, in«
dicating that the Laves phase will appear after
long~time exposure to relatively high temperatures,

The Laves phase associated with the
phenomenon of freckles has been found to be
isomorphous with Fe,Ti, It has been described
as Fe,{Ti, Cb){19) or simply My(Ti, Cb). (18)
Eiselstein{®) found that the residue obtained by
dissolving a freckled region in a forging was high
in columbium, molybdenum, and nickel and con=-
tained, in addition, small amounts of iron,
chromium, and titanium (12 to 15 weight percent
in all), The nickel content increased when the
specimen was annealed and aged,

Barker(18) a1s0 presented data of other
investigators which showed the residues in
annealed and aged specimens to be high in nickel,
It would seem that the actual chemical composition
of the Laves phase is subject to considerable
variation and depends strongly on the thermal
history of the specimen., Certain of the data
presented in sarker's report indicate an
approximate formula of the following form:

100X Overetched in Chromic Acid

FIGURE 11, SLIGHTLY WORKED CAST STRUC~
TURE HAVING 15 PERCENT
ELONGATION IN A TENSILE TEST(6)

(Reduced approximately 20 percent in printing)
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FIGURE 12, MICROSTRUCTURE IN THE BOSS
AREA OF A HEMISPHERICAL TANK
FORGING{ 17

Etchant: mixed acids,

(Reduced approximately 20 percent in printing)

FIGURE 13, MICROSTRUCTURE IN THE BODY
OF A HEMISPHERICAL TANK
FORGING(17)

Etchant: mixed acids,

(Reduced approximately 20 percent in printing)

2} KON S




FIGURE 14, AS-CAST ALLOY 718
The irregular white phase¢ is Laves, The blocky
phases are carbides and nitrides, The dark

etching phase is believed to be N13Cb(18’19)

(Reduced approximately 20 percent in printing)

500X

FIGURE 16, CAST ALLOY 718 ANNEALED AT
1700 F FOR 1 HR AND AIR
COOLED(18)

(Reduced approximately 20 percent in prin.ing)

250X
FIGURE 15, CAST ALLOY 718 ANNEALED AT
1700 F, 1 HR, AIR COOLED, THEN
AGED AT 1325 F FOR 16 HR

Some of the Ni3Cb has become acicular,(18,19)

{Reduced apprcximately 20 percent in printing)

FIGURE 17, CAST ALLOY 718 ANNEALED AT
1800 F FOR 1 HR AND AIR
COOLED

The acicular phase is Ni3Cb, which surrounds
the Laves phase, (18)

(Reduced approximately 20 percent in printing.)
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FIGURE 18. CAST ALLOY 718 ANNEALED AT
2000 F FOR 1 HR AND AIR COOLEL

The blocky white phase is Laves, The Ni?Cb
has been «lmost completely dissolved. (18

{Reuuced approximately 20 percent in printing)

e . .
- [
. e . »
R Nt : R
R 5
R » - .o kN
. . o - M
: ° . ~
' I ‘
. o O
" . -
500X
FIGURE 20,

CAST ALLOY 718 ANNEALED AT
2100 F FOR 1 HR, AIR COOLED,
AND THEN AGED AT 1325 F FOR
16 HR AND AIR COOLED

Most of the white part

icles are Laves phase
partially dissolved, 18)

(Reduced approximately 20 percent in printing)
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FIGURE 19,

CAST ALLOY 718 ANNEALED AT
2000 F FOR 1 HR AND AIR COOLED

The irregularly shaped white areas are Laves

phase, but the other blocky white particles are
carbides of columbium and titanium, (18

{Reduced approximately 20 perceat in printing}

250X

FIGURE 21, ALLOY 718 SHEET ANNEALED AT

2250 F, 2 HR, ICE-BRINE
QUENCHED

Aged at 1400 F, 100 hr, water quenched.(lg)

{Reduced approximately 20 percent in printing)




(Nig, ¢ Feg, 2Crg, 2)2 (Cbg, 7Mog, 3)s Other data,
including Eiselstein's, fail to conform to a simple
A B formula in which certain elements enter the
A portion of the formula and other elements the B
portion,

It seems apparent, also, that considerably
mor: work should be done to characterize the
Laves phase, the conditions ander which it will
form, and the effects of thermal treatment on it,

The temperatures and compositions at
which the Laves phase will form have been depicted
in Figu.e 22 by Eiselstein(6) in the form of a
pseudobinary diagram with the Alloy 718 base and
the columbium content as the two components, The
diagram shows the areas in which Laves phase
formed after holding specimens of the alloy at the
indicated temperatures for 100 hours, It suggests
that high columbium contents promote the formation
of L.aves phases, The actual conditions of cooling
in a large ingot can result in the formation of
Laves phase in local columbium=-rich regions,
even though the average composition may be low
in columbium content, Hence, Laves phase is
found in heavily cored castings in the interdendritic
regions,

Sohdus/‘/

vl

Ly o deo o b

Temperature , F

1400
0O 1 2 3 a4 5 & 7 8 8 10

718 Base
Columbium + Tantalum Content, per cent

PSEUDOBINARY DIAGRAM SHOWING
THE CONDITIONS FOR FORMING
LAVES PHASE IN ALLOY 718 AFTER
100-HR RESIDENCE AT THE
INDICATED TEMPERATURE ( After
Eiselstein)(6)

FIGURE 22.

']
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Qther Phases in Cast Alloy 718

Kaufman and Palty(19) reported soine
NizCb, and carbides and nitrides of titanium and
columbium in the as-cast structures, The amount
of Ni3Cb increased after the material was annealed
at 1700 F (1 hour, air cooled) and aged at 1325 F
(16 hours, air cooled), Figures 14-20, from
Barker's report, (18) ghow these phasges in the
microstructure, In addition, it should be borne
in mind that the major strengthening phase, ¥’
is not visible in the optical microscope, The
orthorhombic NijCh, apparently, is the equilibrium
phase obtained after long-time aging of the
Nig(Cb, Mo, Ti), gamma prime,

Wrought Alloz

Alloy 718 bar has a microstructure typical
of wrought nickel-base alloys, Figures 23.26(20)
are illustrative of the microstructures found in
consumable=-electrode vacuum~melted stocck,. and
show the changes produced by the annealing and
aging treatments.,

Aging of the aunealed wrought structure at
temperatures in the neighborhood of 1300 to 1400
F precipitates the ¥ corresponding to Niz(Cb, Mo,
Ti) or Niy{Cb, Mo, Al, Ti), The lattice para~
meter of the precipitated phase is about 0,8
percent larger than the lattice parameter of the
fcc matrix, The resulting coherency strains
account for most of the strengthening of the alloy,
Aging for long times or at higher temperatures
transiorms the metastable ¥ to the orthorhombic
Ni3Cb, which is stable.(l’ »18,19,21) hig is
discussed further on page 22,

Overaging for, say, 30 hours at 1400 F
results in precipitation that produces appreciable
darkening of the grains and some precipitation
at the grain boundaries, This darkened micro-
structure is probably indicative of the NizCb
precipitation,

Newcomer{2l) examined the ability of
various annealing treatments to remove the
effects of overaging at 1400 F, He exposed speci-
mens that had been overaged at 1400 F to 15-
minute annealing treatments at temperatures from
1500 to 2150 F, The following paragraphs describe
the microstructures observed,

The material was received in the mill-
annealed condition, The microstructure showed
equiaxed grains with extensive twinning character-
istic of an austenitic matrix, Primary (Cb,Ti)C
and nitrides were dispersed randomly throughout
the grain, In addition, at high magnification
(2000X), networks of spherical particles were
visible that seem to outline grain boundaries from
a prior structure,

o
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FIGURE 23, TRANSVERSE CROSS SECTION OF

ALLOY 718 BAR
Etched with 92HCL:5H,50,:3HNO3

{Reduced approximately 20 percent in printing)

TRANSVERSE CROSS SECTION OF
ALLOY 718 BAR ANNEALED AT
1800 ¥ AND DOUBLE AGED

FIGURE 25,

Etched witk 32 HC1:5H,S0,4:3HNO3. The

usual double-aging treatments are (1) 1325 F,

8 hr, furnace cool at a rate of 20°/h: to

1150 ¥, air cool or {2) 1325 F', 8 hr, furnace
! cool at a rate of 100°/hr to 1150 ¥, Hold at

1150 F for 8 hr, air cool, The two schedules

give similar results,

(Reduced approximately 20 percent in printing)
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FIGURE 24, LONGITUDINAL CROSS SECTION
OF ALLOY 718 BAR

Etched with 92HCl:5HzSO4:3HNO3.

{Reduced approximately 20 percent in printing)
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FIGURE 26, TRANSVERSE CROSS SECTION OF
ALLOY 718 BAR ANNEALED AT
1950 AND DOUBL.E AGED

Etched with 92 HClL: 5H;S04:3HNO3. The

usual double~aging treatments are (1) 1325 F,
8 hr, furnace cool at a rate of 20 °/hr to

1150 F, air cool or (2) 1325 ¥, to 8 hr, furnace
cool at a rate of 100°/hr to 1150 ¥, Hold at

1150 ¥ for 8 hr, air ccol, The two schedules
give similar results,

{Reduced approximately 29 percent in printing)
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This structure wzs aged 2t 1400 F for 30
hours and then annealed at 1500 F, which removed
some of the darkening from the grain and agglom-
erated some of the grain-boundary phase, Anneal-
ing at 1600 F removed most of the darkening effect
and produced some extremely coarse agglomeration
of NizCb at the grain boundaries, Annealing at
1700 and 1800 F produced microstructures similar
te that observed in the mill-annealed material,

Arn appreciable amount of coarse NizCb was visible
at the grain boundaries, but the size and amount
was less after the 1800 F treatment than after
1700 F, The coarse grain-boundary precipitate
was eliminated by the 1900 F anneal, though
networks of small particles, the (Cb,Ti}C, and
some TiN were still visible, After the 2000 and
2100 F anneals all phases except the (Cb, Ti}C
and the TiN had disappeared, Also, considerable
grain growth had occurred, (Subsequent aging
precipitated a phase at the grain boundaries,
which could be the same as the networks observed
in the mill-annealed material,) Anunealing at
2150 F seems to have dissolved some of the

(Cb, Ti)C and during aging reprecipitated it as
films along the grain boundaries or twin planes,

The effect of annealing temperature on the
grain size was found tc be as follows:

Annealing
Temperature, F

Average
Grain Size, mm

1900 and below 0, 025-0, 035

2060 0,120
2100 0,150
2150 0.150-0,200

Aging of annealed wrought Allry 718 has
been studied by Kaufman and Palty, (19
Eiselstein, (6,22) and Barker. (!,18) In Kaufman
and Palty's study, sheet material was annealed
for 2 hours at 2250 F', ice~-brine quenched and
aged as follows:

Temperature, F Time, hours

1300 100
1400 100
1500 100
1700 48
1850 24
2000 6

As mentioned in connection with Figure 21,
it seems that grain-boundary melting has occurred
in the 2250 F annealing treatment, This might
have influenced some of the microstructures and
phases found in the aged structures, They report-
ed that the major strengthening phase is orthorhom-
bic NijCb, though it is recognized now that this is
the overaged, stable phase, In addition, Fe2(Ti,Cb)
wag found, as discussed previvusly in connection

Rewm e v nwvemaae? o Seesg e

with the cast matsrial, Angular dispersed par=
ticles of (Ti,Cb}{C, N} wera found, These were
unzffected by temperaturas up & 2250 5,
Barker,(18) citing work by Eiselstein and
Radavich, suggests that the carbides and nitrides
are separate, and that ore phage consists of ChC
with some titanium substituted for the columbinm,
and the other phage is TiN, Kaufman also identi«
fied a Cry\3 carbide phase. but indicated that it
might be associated with the Fe,{Ti,Cb) type of
precipitate, It dissolved at temperatures between
1500 and 1700 F,

Figures 27a-27j show the microstructuves
seen at 1500X in annealed hot~rolled rod aged at
various temperatures,(22) The specimens were
annealed at 2200 F for 1 hour and cooled to the
aging temperature, held 4 hours and water
quenched,

At the 1500X magnification of the micro-
graphs in Figure 27 no v' has been resolved.
Figure 27g,which shows the structure obtained
after the 1400 F treatment, shows a great deal of
precipitate, Accordingly, it is instructive to
view a similar structure at higher magnitications,
Figure 28 is an electron micrograph of such a
structure at 10,000X, The y' has been resolved
and seems to be in the form of platelets, Many
of the platelets have been cut on edge, but many
can be seen as round dcts, Close examination
shows them to be oriented along definite planes,
Figure 29 shows a somewhat coarser y' and at
higher magnification, The orientation pattern is
quite evident in this specimen,

In the grain boundaries shown in Figure 28,
the (Cb,Ti)C is seen, This is a grain-boundary
film, In Figure 29, the film had adhered to the
replica, and ite filmy nalure has been emphnasized,

Figure 30 shows an electron micrograph
of the structuie obtained after the 1600 F treat~
ment, (18) A few carbides ramain in the grain
boundaries, but the matrix precipitates have been
dissolvad,

The effects nf long~time aging on the

. microstructure are illustrated in Figures 31-35,(6)

The specimeas shown here were solution treated
at 2100 F (rather than the 22060 F treatment used
for the specimen of Figurcs 27-29), After being
quenched in water they were heated to 1500, 1600,
and 1700 F for 100 hours, The specimen treated
at 1500 =¥ (Figure 31) shows blocky or globular
cavrbides and a heavy precipitate throughout the
grain, whi h might be y*, or, since it is overaged,
Ni,Cb, Treatment for 100 hours at 1600 F {Figure
3Z?produced an extraordinary Widménstatten
pattern of needles identified as Ni3Cb, A back-
grourd precipitate is also seen, In Figure 33,

the scructure obtained after 100 hours at 1700 ¥
shows an agglomerated phase in addition to the
NijCb needles, The agglomerated phase has been
identified as Laves, As discussed earlier, in
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FIGURE 28,

FOR 1 HR, COOLED TO 1400 F,
HELD 4 HR AND WATER
QUENCHED(22)

(Reduced approximately 20 percent in printing,)

FIGURE 30,

FOR 1 HR, COOLED TO 1600 F,
HELD 4 HR AND WATER
QUENCHED(18)

(Reduced approximately 20 percent in printing, )

- Be e e v e smmeAenn - o ¢ --

ALLOY 718 ANNEALED AT 2200 F

ALLOY 718 ANNEALED AT 2200 F

ALLOY 718 ANNEALED AT 2200 ¥
FOR 1 HR, COOLED TO 1400 F,
HELD 4 HR AND WATER
QUENCHED(6)

{Reduced approximately 2C percent in printing, )
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FIGURE 31. ALLOY 718 ANNEALED AT 2100 F

FOR 1 HR, WATER QUENCHED;
AGED FOR 100 HR AT 1500 F,
AIR COOLED(6)

( Reduced approximately 20 percent in printing, )
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FIGURE 32, ALLOY 718 ANNEALED AT 2100 F
FOR 1 HR, WATER QUENCHED;
AGED FOR 100 KR AT 1600 F, AIR
COOLED(6)

(Reduced approximately 20 percent in printing, )

5% Chromic Acid Etch

1000X

FIGURE 33, A_LLOY 718 ANNEALED AT 2100 F
FOR ! HR, WATER QUENCHED;
AGED FOR 100 HR AT 1700 F, AIR
COOLED{%)

(Reduced approximately 20 percent in printing, )

connection with Laves phases of the A3B type, it
seems that long exposure to relatively high tem-
peratures can promote the formation of this

compound,

As Figure 34 shows, Kaufman and Pa.lty(19)
found the phase after 43 hours at 1700 F and after
24 hours at 1850 F,

FIGURE 24, PHASES IN ALLOY 718 SOLUTION
TREATED AT 2250 F AND AGED
AS INDICATED(19)

Microstructures Obtained from Typical
Heat Treatments and Service Conditions

Figures 35 and 36 are electron micro%raphs
obtained from two different heat treatments, (18)

Figures 37~39 show the structures obtained
after long~time relaxation tests at 1300 F and
50,000-psi initial stress, The specimens,
annealed at different temperatures, all show over-
aged gamma prime in the background, MgC in the
grain boundaries, and a few indications of ortho-
rhombic Ni;Cb needles. No Laves phase was
detected,

Finally, Figure 40 shows an electron
micrograph of a stress-rupture specimen that had
been tested for 5,470,7 hr at 1350 ¥ and 10,900
psi. (6) various phases are identified in the
figure, whica further illustrates the complexity
of the alloy,

5000X

FIGURE 35, WROUGHT ALLOY 718 ANNEALED
AT 1700 F, 1 HR, AIR COOLED;
AGED AT 1325 F, 16 HR, AIR
COOLED{18)

(Reduced approximately 20 percent in printing, )
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FIGURE 36, WROUGHT ALLOY 718 ANNEALED
AT 1700 F, 1 HR, AIR COOLED;
AGED FOR 16 HR AT 1325 F, AIR
COOLED; AGED AT 1200 F FOR
200 HR, AIR COOLED(18)

{Reduced approximately 20 percent in printing, )
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FIGURE 38, ALLOY 718 AFTER RELAXATION
TESTS AT 1325 F AND 50, 000-PSI
INITIAL STRESS FOR 1151 HR(6)

(Heat treatment; annealed for 1 hr at 1900 F,
water quench~d; aged at 1325 F for 16 hr, air

cooled,)

{Reduced approximately 20 percent in printing, )
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FIGURE 37, ALLOY 718 AFTER RELAXATION
TESTS AT 1300 F AND 50,000-PSI
INITIAL STRESS FOR 1272 HR(6)

(Heat treatient: annealed for 1 hr at 1800 F,
water quenched; aged at 1325 F for 16 hr,
air cooled,)

(Reduced approximately 20 percent in printing,)
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1060X Chromic Acid Etch

FIGURE 39, ALLOY 718 AFTER REL:XATION
TESTS AT 1325 F AND 50_000-PSI
INITIAL STRESS FOR 1583 HR(6)

(Heat treatment: annealed for 1 hr at 20100 F,
water quenched; aged at 1325 F for 16 h-, air
cooled,)

(Reduced approximately 20 percent in priating, )
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FIGURE 40, AiLOY 718 STRESS-RUPTURE SPECI

(Heat treatment:

5470, 7 HR(®)

annealed at 1700 ¥, 1 hr, water quenched; aged at 1325

21

approximately 20 percent in printing. )}
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STRENGTHENING MECHANISiJ

The crystallographic nature of the gamma
prime (y') constituent, and its role in strengthen-
ing Alloy 718, have been studied recently by
Cometto, (23} The following summarizes his find-
ings,

Gamma prime, as its name implies, is
similar in many ways to the face-centered cubic
matrix (y) from which it forms, The only differ-
ence, in fact, is that y' more nearly approaches
the stoichiometric ratio A3B, resulting in order-
ing of the atomic pusitions and a slight distortion
of the lattice,

The AzB-type intermetallic compounds can
be classified according to the way the atoms are
ordered, Figure 41 shows the two ways that close=-
pacied planes can order so that each B-atom
(black) has 6 A-atom (white) nearest neighbors.

Type A Layer Type B Layer

FIGURE 41, CLOSE-PACKED ORDERED LAYERS
IN A3B PHASES (After Nevitt)(24)

The Type A layers can occur in four differ-
ent stacking sequences, and Type B layers in two
different stacking sequences, giving six different
crystal structures or families of cornpounds,

Table 4 shows these compounds and the corres=-
ponding nickel intermetallic compounds,

The atoms of the NizAl and Ni;V compounds
occupy essentially the same lattice sites as the
atoms in the gamma solid solution, However,
during the formation of Y', the atoms order on
available sites in such a manner as to eliminate
Al-Al or V-V nearest neighbors, Such a reaction
(called an "exchange transformation") is charac=-
terized by a rapid and uniform nucleation. On the
other hand, compounds such as Nji,Ti(hexagonal
structure) and NizCb (orthorhombic Cu3Ti struc-
ture) require a complete rearrangement of atom
sites as well as composition changes in order to
precipitate from a face-centered cubic matrix,
Accordingly, this transformation is much more
difficult to nucleate than an exchange transforma=
tion,

22

TABLE 4. STACKING ARRANGEMENTS IN CLOSE- 2
PACKED ORDERED A 3B STRUCTURES(23,24)
Structure Nickel Layer Stacking
Type Compound Type Sequence
CuzAu NijAl A abecabe, ..
Ni3Tx NijTi A abacabac, ..
Cd3Mg -- A abab,..
A13Pu - A abcacbabcach. ..
Cu3Ti Ni;Cb B abab¥
A13Ti Ni3V B abedef, |,

* Neglects slight distortion,

It was found that Alloy 718 precipitates a
metastable y' phase based on the Ni,Cb composi-
tion, but with a body-centered tetragonal NizV
structure, Upon aging at 1400 F for 10 hours, fur-
nace cooling at 1060°/hr to 1200 F, holding 8 hours
and air cooling, the lattice constants of the y'
were found to be

ap = 3. 6244
co = 7.4064
aglce = 2. 044

Both the metastable NizCb gamma prime
and the orthorhombic NizCb are made up of Type B
layers, though apparently differing in stacking
sequence, The transformation to Y' occurs by a
simple rearrangement of atoms on existing iattice
sites, and occurs rapidly and uniformly because it
is not necessary to nucleate 2 new lattice. The
lattice relationship between the y' precipitate and
the parent y matrix was found to be:

[001]\(.||<001>Y and {1001\(,”{100}Y

The individual y' particles are disc shaped (see
Figure 32) and lie on the {100} matrix planes, The
C, axis of the Y' structure is perpendicular to the
plane of the discs, This relationship results in
three orientations {Figures 28 and 29) of ¥' particles
delineating three {l00}-type gamma planes,

Cometto's analvsis has shed considerable
light on the v' strengthening mechanism in Alloy
718, It can be used to explain why the double-aging
treatment results in higher strength than the single
aging., Apparently, to get maximum strengthening,
it is necessary to precipitate as much y' as possible,
without overaging; that is, without transforming from
the body-centered tetragonal ¥' to the orthorhombic
NizCb, High temperatures and long times favor
the latter. Eiselstein(6) has plotted the conditions
for forming y*' and Ni3Cb as an iscthermal trasns-
formation diagram, This 1s shown in Figure 42,
with the double-aging treatment superimposed,
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FIGURE 42, ISOTHERMAL-TRANSFORMATION

DIAGRAM FOR GAMMA PRIME (y') AND

Ni3Cb PHASES IN ALLOY 718; WITII DOUBLE-
AGING TREATMENT SUPERIMPOSED

(After Eiselstein){b)

From Figure 42, it is seen that the treat-
ment at 1325 F (or 1325~1425 F) would bring down
maximum amounts of y', To be certain that no
Ni;Cb forms, the aging temperature is lowered to
1150-1200 F, which continues to precip:tate y' withe
out transforming to the orthorhombic Ni3Cb,

This explanation, though no doubt simpli-
fied, helps in understarding the relationships be=-
tween heat treatment, properties, and micro=-
structure, It does not take intoc account, however,
the carbides, Laves phases, or variations in the
diagram produced by chemical composition varia=-
tions, Clearly, more investigation of these com=
plex interactions needs to be carried out before a
full understanding can be obtained,

REFERENCES

{1) Barker, J. F., "A Superalloy for Mediura
Temperatures', Metal Prog., 81 (5), 72-76
(May, 1962),

(2) Basic Data - Inconel 718 - International Nickel
Co, , Huntington Alloy Products Division,
Huntington, West Virginia (1960).

(3) Preliminary information, General Electric
Company, Cincinnati, Ohio, under an Air
Force contract,

(4) Current Data Report - Inconel Alloy 718 -
International Nickel Co,, Huntington Alloy
Products Division, Huntington, West Virginia
(May, 1961),

(5) "Lescalloy 718 Vac Arc - Property Data",
Latrobe Steel Company, Latrobe, Pennsylvania
(August, 1962).

(7

(8)

(9)

(10)

(14)

(12)

(13)

(14)

(15)

Eiseisiein, H, L., "Melallurgy of a Columbium
Hardened Nickel=Chromium=Iron Alloy", paper
presented at American Society of Testing and
Materials Meeting, Atlantic City, New Jer=
sey, June 24, 1963,

Data and curves obtained through the cour=
tesy of H, L, Eiselstein, International Nickel
Co. , Huntington, West Virginia (September,
1964),

Aeronautical Material Specification AMS
5596A, Alloy Sheet, Strip, and Plate, Corro-
sion and Heat Resistant Nickel-Base-19Cr-

3, 1Mo-5, 2(Cb+Ta)~0,90Ti-0, 60Al Consuma=
ble Electrode or Vacuum Induction Melted,
Annealed, Society of Automotive Engineers,
485 Lexington Avenue, New York, New York
{Revised June 30, 1964),

Aerojet-General Corporation Material Specifi-
cation AGC~44152, Nickel Base Alloy, Corro=-
sion and Heat Resistant, Vacuum Melted
(19Cr-5Cb-3Mo0=Ti~Al) Sheet and Plate
(October 17, 1963),

Rocketdyne Division of North American Avia-
tion, Inc, , Material Specification RB 0170-101,
Alloy Bar, Forgings, Forging Stock, and
Flash Butt Welded Rings: Corrosion and Heat
Resistant: Nickel Base 19Cr, 3,0Mo, 5,25Cb,
1,0Ti, 0,55A1, 18Fe, Consumable Electrode
Melted (March 4, 1965),

Rocketdyne Division of North American Avia-
tion, Inc, , Material Specification RB 0170-039,
Alloy Sheet, Strip, and Plate; Corrosion and
Heat Resistant; Nickel Base 18Cr, 18Fe, 5Cb,
3Mo, 0,8Ti, 0,6Al (November 20, 1962)
(Replaced by RB 0170-101),

General Electric Co,, Large Jet Engine Dept, ,
Material Specification B50T69-S6, Inconel
718 (Deceraber 29, 1964),

General Electric Co., Large Jet Engine Dept, ,
Material Specification C50T79(S1), Inconel
Alloy 718 Forged Parts (October 17, 1962),

Pratt & Whitney Aircraft Division of United
Aircraft Corporation, Specification PWA
1009-C, Alloy, Corrosion and Heat Resistant
Nickel Base-19Cr-18, 7Fe-5, 3(Cb+Ta)-3Mo~
0.9Ti-0.6Al, Consumable Electrode cr Vacuum
Induction Melted - Solution Treated (Revised
January 5, 1965),

AiResearch Manufacturing Company, Engineeu=
ing Material Specification EMS 581c, Alloy,
Corrosion and Heat Resistant, Nickel Base-
18Cr-18Fe~5Cb~3Mo0~0, 8Ti-0, 4Al (Inconel
718), Consumable Electrode or Vacuum
Induction Melted, Annealed (January 6,

1965),




H

} Koodel, R, E., and Riordan, Jj., "Effeci of

Cooling Rate from Solution Temperature on
the Final Heat Treated Propertics of Incs 718

North American Aviation, Inc.,, Report
TFD 69-218 (March 14, 1960),

?

{17) Private communication between R. J. Runck
(DMIC) and Real Balthazar, Beech Aircraft
Corporation, Boulder, Colorado (March 25,
1964).

(18) Barker, J, F,, '"Inconel 718 Phase Study Re=-
view", DM 61-183, General Electric Co,,
Large Jet Engine Division (July 6, 1961),
Based on unpublished work by M., Kaufman,
H. L. Eiselstein, J, Radavich, and R. R.
DeWitt,

(19) Kaufman, M., and Palty, A, E,, "Phase
Structy e of Inconel 718 and 702 Alloys'",
Trans, AIME, 221, pp 12531262 (1961),

(20) "Stress Corrosion Testing, Tensile Testing,
and Metallographic Examination of Inconel
718", MPR 3-251-399, Internal Letter to
W. S. Cherin, North American Aviation, Inc,,
Canoga Park, California {Decernbex 12, 1963),

24
{21) Newcomer, R., ‘' Effect of Various Annealing
Cycles on Inconel 718 Microstructure", Final
Report A270, McDonnsll Alrcrali Corpora=
tion, St. Louis, Missouri, under Air Force
Contract AF 33(657)-11215 (December 12,
1962),

{22) Private communication between H, J, Wagner
and H, L, Eiselstein, International Nickel
Co. , Huntington, W=st Virginia (September,
1964),

(23) Private communication between H, J, Wagner
and Dr, J, Cometto, International Nickel Co,,
Huntington, West Virginia (September, 1964),

{24) Nevitt, M, V,, "Alloy Chemistry of Transi-
tion Elements', Electronic Structure and Alloy

Chemistry of the Transition Elements, Inter=-
science Publishers, New York, London, p 169
(1963),




vy - ATRANS

LIST OF DMIC TECHNICAL REPORTS ISSUED

DEFENSE METALS INFORMATION CENTER
Battelle Memorizal Institute
Columbus, Ohio 432CG1

Copies of the technical reports listed below may be obtained, while the supply lasts, from DMIC
at no cost by Government agencies, and by Government contractors, subcontractors, and their suppliers,
Qualified requestors may also order copies of this report from the Defense Documentation Center (DDC)
Cameron Station, Building 5, 5010 Duke Street, Alexandria, Virginia 22314, A complete listing of
previously issued DMIC reports may be obtained by writing DMIC,

DMIC
Number Title
215 Thin-Sheet Rolling, Report of an Informal Symposium of the Metalworking Processes and

Equipment Program (MPEP), May 17, 1965
216 Corrosion of Materials by Ethylene Glycol-Water, May 10, 1965




e

_Unclassified i N
Szcurity Classification

DOCUMENT CUNTROL DATA - R&D

(Security clsssification of titla, body of abstrac and indexing annotation must be entered when the overel! report ls classified)

1. ORIGINATIN G ACTIVITY (Corporate author) 2a. REPORT SECURITY C LASSIFICATION
efense Metals Information Center Unclassified

Battelle Memorial Institute 2b. GROUP

Columbus, Ohio 43201

3. REPORT TITLE

Physical Metallurgy of Alloy 718

4. DESCRIPTIVE NOTES (Type of report and Inciuaive detes)

DMIC Report

5. AUTHOR(S} (Last name, ficrat name, initial)

Wagner, H. J., and Hall, A, M.

6. REPORT DATE 7a8. TOTAL NO. OF PAGES 7b. NO. OF REFS
June 1, 1965 25 24

8a. CONTRACT OR GRANT NO. 9a. OPIGINATOR'S REPORT NUMBER(S)
AF 33(615)-1121

b PROJECT NO. DMIC Report 217
3975

c. 95, OTHER REPORT NO(S) (Any other numbers that may be assigned

this report)
d.

10- AVAILABILITY/LIMITATION NOTICES  Copjes of this report may be obtained, while the supply
lasts, from DMIC at no cost by Government agencies, contractors, subcontractors, and

their suppliers. Qualified requestors may also obtain copies of this report from the
Defense Documentation Center (DDC), Alexandria, Virginia 22314.

11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
United States Air Force
Research and Technology Division
Wright-Patterson Air Force Base, Ohio 45433

13. ABSTRACT

This report deals with the physical metallurgy of Alloy 718. Since
filloy 718 was first introduced, it has broadened its areas of application. Pri~
narily, it was intended for use at medium temperatures, 1300 F at most, its main
ppplications being in lightweight welded frames and other assemblies in aircraft
turbojet engines. Its good properties in the range of temperatires from —423 to
1300 F make it especially suitable for use in the LOX-LH4 rocket engines. In these
pppiicaiions, Alluy 718 is used for the fuel/oxidizer injector plates, forged rings,
thrust chamber jackets, turbine wheels, belldws, and tubing. This report presents
fnformation on the effect of composition and heat treatment on mechanical properties;
trends in specifications for Alloy 718; microstructure and microconstituents of the
plloy and the strengthening mechanism. No attempt has been made to present a
complete compilation of design properties in this report.

DD 5%, 1473 Unclassified

Security Classification




Pujogigtisgy DR ece v mea s

KEY WOROS

LINK A

LINK 8 LiNK C

ROLK

RoL& wT ROLE

wr

Physical Metallurgy
Microstructure
Strengthening Mechanism
Alloy 718

Frames

Engines

Aircraft

Turbojet

Rocket

LOX-LH,

Injector plates

Forged rings

Thrust chamber jackets
Turbine wheels

Bellows

Tubing

Composition
Heat treatment

Mechanical properties

Specification

w
v 0
O

N N N A N e R = R =T

Wwibwwwwww

W W

W W e

o~
W

Unclassified

Security Classification




