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ABSTRACT

PBF acoustic filter Unit No. 1 cracked when heat treatment was
attempted. Materials Technology Branch undertook investigations to
facilitate the heat treatments of Units No. 1 and 2.

The effects of prior thermal cycling, solution anneal temperature,
and cooling rate from solution anneals were investigated. The inves-
tigations concerned influences of the above variables upon both 1400 F
stress rupture solution-annealed properties and room temperature age-
hardened properties. 1400 F stress rupture properties were of interest
to assist the prevention of cracking during heat treatments. Room
temperature age-hardened properties were needed to ensure that design
requirement would be provided. Prior thermal cycling was investigated
to determine if extra thermal cycles would be detrimental to the
repaired filter. Slow furnace cools were considered as a means of
reducing thermal stresses. Effects of solution annealing at 2000 F
and 1900 F were also determined.

Test results showed that slow cooling rates would not only reduce
thermal stresses but also improve 1400 F ductility. A modified aging
treatment was established which provided the required 145 ksi room
temperature yelld strength for the slowly cooled material. Prior
thermal ccoling did not degrade final age-hardened room temperature
tensile or impact properties.
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I. [INTRODUCTION

Cracking occurred during heat treatments of the Inconel 718 PBT
acoustic filters. The original failure occurred in Unit No. 1l during
its aging cycle (Ref. 1). The filter had been solution annealed it
2000 F and cooled at a rate of 1200 F per hour to 1000 F and therzafter
at a rate of 100 F per hour. Dye penetrant inspection did not reveal
any cracks in the vessel. Failure then occurred during a 1400-1200 F
duplex age. The crack passed near a fillet weld on the trunnion-shell
iaterface, through twe one-inch thick gussets, and 17 inches around
the one-inch thick 16-inch diameter shell. It was concluded that
this failure was caused by thermalstresses quenched into the vessel
when cooled from the solution anneal and by the low ductility existing
around 1400 F during aging.

The purpose of this program was to investigate methods of (1) de-
creasing the amount of thermal stresses quenched into the structure and
(2) increase the ductility available during aging cr when heated or
cooled through the precipitation-hardening temperature region.

To meet the above program objective, the Materials Technology
Branch initiated studies consisting of the following:

(1) A determination of the influences of prior thermal eycling,
solution annaal temperaturez, and cooling rates from the
golution anneal temperature, see Section IV.

(2) A modified aging treatment to increase room temperature
yield strength, of material slowly cooled from solution anneal
temperatures, to the design requirement of 145 ksi, see
Section V,

(3) Based on the results of the above two studies, tests were
conducted on heat B7COEK1 to see if the acoustic filter
shell material would respond to the modifications in heat
treatments, see Section VI.



(4) To determine potential thermal cycles required to enhance
the ductility of heat-affected zones (HAZ). This was
necessary since postweld heat-treat cracking of precipitation

hardened nickel-base alloys most often occurs in HAZ, see
Sections VII znd VIII.



II. CONCLUSIONS

The {cfsrmaiicn genersted ir.: these stulies presents the
following conclusions:

1. Stress Rupture Ductility and Life

1400 F stress rupture ductilities for 2000 F solution annealed
conditions were progressively improved as the cooling rate was decreased
from cooling rates of 400 tb 1860 F per hour to a furnace cool of 100 F
per hour.

The 1400 F stress rupture elongations for Inconel 71§ base
material (heats 83C2EK and 87COEK1) was 2C percent when cooled from
2000 F at 100 F per hour as compared to 5 percent when cooled at rates
ranging from 400 to 1860 F per hour.

2. Elevated Temperature Teansile Test Results

Base metal of heat 83C2EK slowly cooled (100 F/hr) from a 2000 F
solutfon anneal provided better high temperature ductility between
approximately 1300 and 1550 F than the same material cooled at a rate
of 1200 F per hour. Some beneficial effec: also existed from the slow
cooling rate when the solutlon anneal was preceeded bv a two or three
gecond thermal ecycle to 2250 F to simulate a HAZ. This better ductility
indicates that welded compoaents of Inconel 718 would have a reduced
tendency to crack when slowly cooled from solutior: anneal temperatures.

A preliminary check on heat 2180-2-9247 showed that 1400 F
tensile ductilities of simulated HAZ were improved when prior treatment
involved a 100 F per hour cool rather than an air cool from 1725 F.
This suggested that a slow cool would be effective as a preweid
conditioning heat treatment which would decrease the probability of
welded structures from cracking when heated to be solution annealed.

3. Room Temperature Tensile Test Results

Slowly cooling heat 83C2EK from 2000 F, changed its response to.
the 10 hour 1400 F plus 8 hour 1200 F duplex age. Cooling rates of 75
and 90 F per hour decreased the roo.. temperature yield strength from
150 ksi (900 F per hour) to 128 ksi. The room temperature elongations

and reductions in area were also slightly reduced by the slow ccoling
rates.




A modified lower temperature age consisting of 4 hours at
1325 and 16 hours at 1150 F was established which provided a 145 ksi
room temperature yield strength for heats 83C2EK (gusset material) and
87COEKLl (sheel material) at cooling rates from solution anneals of
approximately 100 F per hour. This met the design requirement for the

PBF acoustic filters.

Heat B7COEK] solution annealed at 2000 F and cooled at rates of
1200 and 40C F per hour then duplex aged at (1400-1200 F) and (1325-1150 F)
respectively, exhibited room temperature yield strengths of 155 ksi.
The room temperature tensile ductility for this above material cooled
at rates of 1200 and 400 F per hour and then aged showed elongation
values of 18 and 24 percent, respectively.
4. TRoom Temperature Impact Properties

Heat 87CCEKl (shell material) having received the 400 F per hour
cool and (1325-1150 ¥) age possessed the best room temperature impact
resistance of 60 ft-ib. Material cooled at rates of 100 arnd 1200 F
per hour, respectively, and aged with the (1325-1150 F) aad (1400-1200 F)
treatments showed impact values of 51 and 41 ft-1b.



I11. RECOMMENDATIONS

The results of these studies have promoted the following

recommendations in the PBF acoustic filter program.

1)

(2)

3)

The filters should be cooled at a rate of 150 + 50 F after
being solution annealed at 2000 F. This would not only re-
sult in lower thermal stresses but should alsv provide
improved ductility between approximately 1300 to 1500 F.

A duplex age consisting of 4 hours at 1325 F and 16 hours
at 1150 F should be given to the acoustic filters following
the 20600 F solution anneal outlined in the preceeding
recommendation. This would provide the required 145 ksi
room temperaturve yield strength.

New material used in repairing the PBF acoustic filter Unit

No. 1 should be given a 1750 F one hour treatment followed

by a 160 + 10 F per hour cool. Preliminary checks have

shown the high temperature ductility of HAZ to be improved
by such a thermal treatment. This should therefore reduce
the probability of cracking when the unit is heated to the

solution anreal.
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1V. MATERIAL DEGRADATION TESTS (HEAT 83C2EK)

This program was planned to develup heat treating cycles for
PBF acoustic filters Units No. 1 and 2 which would provide optimum
stress rupture behavior for solution-annealed materials near the
precipitation hardening temperatures. It was also designed to check
the room temperature tensile and impact properties resulting from
heat treating variables to ensure that the design requirement of 145
ksi for the 0.2% room temperature yield strength be maintained.

The program was designed to incorporate the following variables:

{a) Two starting material conditions - One was heat treated
through the same cycles as the cracked PBF acoustic filter
Unit No. 1 and the other was in the 1800 F stress relieved
condition such as that of Unit No. 2. Cracked Unit Ho. 1
had experienced the following heat treating cycles: a 1800 F
stress relief, a 2000 F solution amneal with a 1200 F per
hour cool to 1000 F and a2 100 F per hour cool to ambient
temperature, a 1400-1200 F duplex age, and finalliy a
1750 F stress relief followed by a 100 F per hour cool to
ambient temperature,

{b) Two solution amneal temperaturss — One solution anneal
temperature investigated was 2000 F, the solution anneal
temperature previously given Unit No. 1. The other tempera-
ture selected was 1900 F.

(c) Two cooling rates from the solutionamneal cycles - One of
these rates, 1200 F per hour, represents the cosling condi- -
tions applied to Unit No. ] and the other cooling rate of
100 F per hour represents the furnace cool propused to
reduce thermal stresses.

The test matrix for this program involved testing three (3)
room temperature tensile and three (3) room temperature Charpy V-notch
impact specimens which had been age-hardened frcom each of the above elght
solution-annealed conditions. It also included one (1) tensile and
fifteen (15) stress rupture tests at 1400 F for each of the eight
solution-annealed conditions outlined above. The specifications for the

specimens aru testing procedures are detailed in the experimental
procedures in Section 1IV.2,




1. MATERIAL IDENTITY AND REMOVAL

The specimens for this test program were prepared from excess
material used for fabricating the gussets on the PBF acoustic filters.
The heat identification £6r gusset material, 83C2EK, and the chemical
jcomposition per wmill certifications are listed in Table I along with
the other heats involved in the heat treat studies. This material
was supplied in the 1700 to 1800 F mill-annealed condition per AMS
Specification 5596C.

Seetions were initially cut from the l-inch by 3l-inch by 17-inch
plate with a band saw as illustrated in Figure 1. These sections were
identified as shown and heat treated to the conditions listed in
Table II. '

N TABLE 1

CHEMISTRY OF THE INCONEL 718 HEATS USED FOR HFAT TREAT
INVESTIGATIONS FOR THE PBF ACOUSTIC FILTERS

Heat 4 E 5 B Cu S Lo Mn
87COEK1  0.07 0.011 0.007 0.0042 0.10 0.26 0.04  0.10
N
er, Y AL 0TI O4Ta Cr M Fe
Waterssy 3-05 0.55 1.06 5.05 18.00 54.14 17.55
g P S B Cu 54 Lo Mn
83c2EK  0.06 0.006 0.007 0.0029 0.13 0.20 0.03 0.12
VIN-
Gt.usls;f't;S ® Mo AL Ii Coila Cr M Fe
Matorial 2:93 0.68  0.98  5.25 18.55 53.69 17.37
c B S B cu S € M
2180-2-9247 0.05 0.005 0.005 0.005 0.02 0.17 0.25 0.13
VINM-
VAR Mo a1 TL Cb#Ta Cr NL  Fe

3.09 0.50 0.99 5.06 18.80 51.07 Balence

VIM - ¥eeuws induction melted VAR - Vacuum arc melted

ESR - Eliectroslag remelted
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TABLE II

HEAT TREATMENTS FOR THE MATERIAL DEGRADATION STUDIES Lheat 832C2EK]

CYCLE 1

CYcLE 2

cvaLe 3

CYCLE &

CYCLE 5

CYCLE 6

CYCLE 7

CYCLE 8

NOTE:

CYCLE 9

*

NOTES:

Sections A, B, C, D, E, F, G, H and * are to be stress relieved
at 1800 F.

Sections E, F, G, H and * are to be solutfon annealed at 2000 F.

Sections E, P, G, H and * are to be duplex aged at 1400 F for 10
hours and 1200°F for 8 hours.

Sections E, ¥, G, H and * are to be stvass relieved at 1730 F.

Sections A, E, and * are to be solution annealed at 2000 F and
cooled at a rate of 20 F per minute to 1000 F.

Sections B, ¥, and * are to be solution annealed at 2000 ¥ and
cooled at a rate of 100 F per hour to 1090 F.

Sections C, G, and * are to be solution annealed at 1900°F and
cooled at a rate of 20 F per minute to 1000 F.

Sections D, H and * are to be solution annealed at 1900 F and
cooled at a rate of 100 F per hour to 1000 F.

All single lettered samples are complete in the solution annealed
condition.

Sections AA, BB, CC, DD, EE, FF, GG, and HH are to be duplex aged
at 1400 ¥ for 10 hours and 1200 F for 8 hours.

(1) Sclution anneals and stress reliefs shall be conducted in
an air atmosphere.

(2) Heating and cooling rates unless otherwise specified shall
be a maximum of 100 F per hour.

(3) Controlled heating and cooling rates are not required below
1000 F.

(4) The temperatures are to be recorded by thermocouples attached
directly to the sections of plate material.

(5) The parts shall be held at the solutfon anneal and stress
relief temperatures for (1) hour * 5 minutes. The tolerances
for thae aging times shall be ¥ 5 minutes.

{6)a The solution anneals and stress reliefs shall be controlled
within +25-0 F of the specified temperatures.

b During ;he duplex aging cycles the sections shall be controlled

within - 15 F of the specified temperatures.

Include associated double lettered specimens i.e., AA, BB, CC, etc.




2. EXPERIMENTAL PROCEDURES

2.1 Heat Treatments of Plate Sectlons

The sectiona were shipped to Pyromet Industries and heat treated
according to the schedule outlined in Table II. The heat treatments
were performed in a bell furnace which was resistance heated. An air
atmosphere was used for all of the thermal cycles. A continuous temper-
ature record was maintained for all of the thermal cycles. These
recordings were obtained from thermocouples directly attached to a
plate section during each cycle.

The following instructions applied to the heat treatments in
Table II:

(1) The sections identified with double letters shall accompany
the respective single letter sections through all cycles
except the final duplex age. Those sections having
double letters shall then be aged 10 hours at 1400 F plus
8 hours at 1200 F. The section having single letters shall
be retained in the solution-annealed condition.

(2) Controlled heating and cooling rates are not required
below 1000 F.

(3a) Times at the solution anneal and stress relief temperatures

shall be 1 hour * 5 minutes.

(3b) The tolerance for the temperatures at the solution anneals

and stress relief shall be +EgF.

(4) The duplex age shall consist of 10 hours * 5 minutes at
1400 + 15 F, then a 100 F per hour cool to 1200 + 15 F,
and a hold at this temperature for an additional 8 hours
+ 5 minutes.,

(5) All heating and cooling rates not specified shall be a
maximum of 100 F per hour.

2.2 Specimen Preparation

Fifteen (15) combination smooth-and-notched stress rupture
specimens per AMS 5663 (specimen type -5) were prepared from each of
the eight 5-1/2 inch by 15 inch sections representing variable solution-

annealed conditions. These samples were machined such that their




longitudinal axis paralleled the rolling direction, i.e.: the 5-1/2
inch dimension. They were also removed whereby this axis was taken
along the midpoint of the one-inch thick dimension. The coafiguration
and dimensions for this stress rupture specimen are given in Figure 2.

A seingle tensile specimen was removed from each of the eight
plates adjaceut to the stress rupture specimens. These specimens were
standard one-quarter inch diameter samples per FIMS 151, Method 211.1
and were specified for 1400 F tensile tests to determine stress values
for the initial stress rupture tests.

Three (3) one-quarter-inch diameter FIMS 151, Method 21i.1 temnsile
specimens and three (3) Charpy V-notch  impact specimens per ASTM E-23
(Type A) were prepared from each of the eight age~hardened 5-1/2 inch
by 4-1/4 inch plates. These specimens were orientated and removed
as shown in Figure 3. The tensile specimens were aligned with the
rolling direction and located at the midpoints of the one-inch thick
dimension for the plates. The Charpy V-notch specimens were also
oriented in the longitudinal direction. The notches were directed
through the thickness of the plate and located such that the notch
fronts were at the center of the plate.

The conflguration, dimensions, and tolerances for the FTMS 151,
Method 211,1 (R3 Type) tensile specimens are shown in Figure 4. The
configuration for the Charpy V-notch impact specimens is shown in
Figure 5 along with the tolerances listed for ASTM E-23 (Type A).

2.3 Testing Procedures

Room temperature tensile tests were performed per AS1W E-8.
Specimens tensile tested at 1400 F were conducted per ASTM E-21.
Samples were inserted into a furnace operating at 1400 F for the high
temperature tests. The temperature of the samples were monitored by
three thermocouples wired onto each specimen. Five additional minutes
were allowed for each sample to soak after it reached 1400 F. This
ensured that the samples were heated uniformly throughout when the
tasts were initlated. The samples were strained at a rate of 0,005nﬁn-1
to just beyond the yield point and thereafter at a rate of 0.05 min_l.

The Charpy V-notch impact specimens were tested at room temper-
ature according to ASTM Method E-23.
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The stress rupture tests were conducted at 1400 F according to
ASTM Recommended Practices E-139. This included placing the specimen
into a furnace operating at 1400 F. Each specimen was then stressed
with a constant load within five minutes from the time at which it was
ingerted into the furmace. Three thermocouples wired to each specimen
were used to record its temperature. The specimen temperature was
recorded immediately after insertion into the furnace in additiom to
the time to reach 1400 F and the time for failure to occur. Percent

elongations and reductions in area were determined from the failed
specimens.

2.4 Metallographic Procedures

Light microscopy, scanning electron microscopy, and transmission
electron microscopy were used to examine solution-annealed material
which had been either rapidly or slowly cooled. Failed stress
rupture specimens representing some conditions of Section IV.l were
also examined by these three metallographic techniques.

Samples for examination by light microscopy were prepared by
sectioning with a water cooled cut-off wheel, mounting in bakelite,
grinding, polishing, and etching. Grinding was accomplished by
successive stages using SiC papers of 120, 240, 400 and 600 grit. The
gsamples were then polished with 9 micron diamond on nylon cloth. A
final polish was attained using 0.3 micron alumina abrasive omn a
Syntron. Various etchants were used and are identified throughout
this report as follows:

Etchant No. 1: composition - 25 gr Cr0O3, 7 ml Hy0, and

130 ml acetic acid
method ~ electrolytic

Etchant No. 2: composition - 5 ml chromic aeid (granular)

dissolved in 100 ml H20
method ~ electrolytic
The scanning electron microscopy investigations were performed

upon a Cambridge 600 instrument. Two types of investigations were

performed. Fractography studies were made upon the failed PBF acoustic

filter and a few of the stress rupture specimens. The microstructures

of polished and etched samples of rapid and slowly cooled solution-
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annealed material were also checked. In this latter case, the samples
were prepared by the process described for light microscopy.
ttchant No. 2 was used to reveal the microstructure.

Transmission electron microscopy was applied as a meaus to
reveal the precipitation phases characteristic of the rapid and slowly
cooled material. Replication techniques involving Pt-20%Rd alloy
shadowing on two-stage plastic and carbon replicas were used for po-

lished and etched samples.

3. TEST RESULTS

The room temperature tensile properties for the aged sampies
having received the eight different solution annealing treatments
shown in Table II are listed in Table III. All of these samples were
given an initial 1800 F stress relief, cycle Mo. 1, and a final duplex
age, cycle No. 9, which consisted of 10 hours at 1400 F and 9 hours at
1200 F. The intermediate heat treating cycles are also listed beneath
Table III.

TABLE 111
ROOM TEMPERATURE TEXSILE DATA FOR HEAT G3C2EX OF INCONEL 718

Heat
Trastwent Cycizs 0,22 Y4eld Ultimats Tensils % Red.
Specimen _(Frow Teble I) Stresa, kef _Strength, ksi X Elong in Aven
AA ~ 1 1, S, 149 192 20 25
2 snd 152 193 20 25
3 9 151 194 19 25
e -1 1-5 15 192 20 23
2 and 148 191 18 24
3 9 130 193 17 23
me -1 1, 6 128 17 17 19
2 asd 127 186 15 20
3 9 128 189 17 21
rF-1 1-4, & 127 187 17 22
2 and 129 187 18 22
3 9 132 149 17 21
-1 1, 7 136 193 15 19
2 and 156 195 15 19
3 9 156 195 16 19
@@ -1 1-4, 7 157 194 17 12
2 and 158 194 15 20
3 L} 158 194 16 20
0 -1 1, & 123 pL) N 11 13
2 and 125 166 1 17
3 9 125 186 16 20
s - 1 )~&, 8 128 185 14 16
2 and 130 185 12 135
3 L} 129 183 13 15
Cycle 1 - 1800°'F scress reltef Cycle 5 - 2000°F S.A.: 900 F/b 1
Cycle 2 - 2000 F so!uucn anneal Cycla 6 - 2000°F 5.A.: 75 Flhrrc:om;
Cycle 3 - 1400-1200°F duplex s3s Cycle 7 ~ 1900 7 S.A.: 1850 F/hr cool
Cycle & - 1750°F gtrens celief Cycle 8 - 1900°F S.A.: 90 B/hv ccol

Cycle 9 ~ 1400-1200 F duplex age
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The roor temperature Charpy V-notch impact values for the
correeprading aged conditions are shown below in Table IV. The
samples have all recieved the initial 1800 F stress relief, cycle No.
1, and the final 1400-1200 F duplex age, cycle No. 9. The intermediate
heat treating cyclea-apecified are described in Table II and listed
after Table IV.

TABLE IV

ROOM TEMPERATURE CHARPY V-NOTCH IMPACT TEST DATA
POR INCONEL 718, HEAT B83C2EK

Heat
Treatuent Cycles Energy s Lateral

Specimen from Table Il Absorbed, fe-1b Deformation (inch)
AA - 20 1,5 26.0 .015

21 and 26.0 015

22 9 25.5 .014
EE -~ 20 1-5 27.0 .016

21 and 26.0 .016

22 9 26.0 .016
BB - 20 1, 6 23.0 .013

21 and 22.5 .013

22 9 22.5 .013
FF - 20 1-4, 6 26.0 .017

21 and 26.0 .016

22 9 26.5 .015
cC - 20 1, 7 17.5 .010

21 and 17.5 .009

22 9 18.0 .009
GG - 20 1-4, 7 20.0 .011

21 and 20.0 .014

22 9 9.5 ,013
Db - 20 1, 8 17.0 .010

21 and 20.0 014

22 9 16.5 .010
HH - 20 1-4, 8 17.0 .010

21 and 18.0 .010

22 9 18.0 .010
Cycle 1 - 1800 F stress relief Cycle 5 - 2000 F S.A.: 900 F/hr cool
Cycle 2 - 2000°F lo];ution anneal Cycle 6 - 2000°F S.A.: 75 F/hr cool
Cycle 3 - 1400:1200' F duplex age Cycle 7 - 1900 F S.A.: 1860 F/hr cool
Cycle 4 ~ 1750 F stress relief Cycle B - 1900°F S.A.: 90 F/hr

Cycle 9 - 1400-1200"F duplex sge
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Results for the 1400 F tensile tests for the solution-annealed

conditions are shown in Table V.

1800 F stress relief.

All samples have received the initial

The subsequent heat treat cycles, No. 2 through

No. 8, are identified in Table II and listed beneath in Table V,

A4
A=Gw
B-4
c-4
D-4
E-4
E-4*
F-4
c-4
B-4

TABLE V

1400 F TENSILE TEST DATA, INCONEL 718 HEAT B3C2EK

Rest

Treatment Cycles 0.22 Yield
Speciven _(from Table II) Stress, ksi _Strength, ksi X _Elong. In_Area

*Duplicate test

92.6
95.1
92.8
82.9
92.6
101

98.1
94.0
73.2
92.8

Ultimace Tensile

111
114
12
92.4
104
112
116
105
80.4
106

3
8
15
7
23
5
7
W
8
11

2 Red.

7
10
14

8
25
11

S
13

9
15

Cycle 1
Cycle 2
Cycle 3
Cycle 4

[ A |

1800 F stress relfef

2000 F solucion anneal
1400-1200 'F duplex age

1750 F stress relief

Cycle 5 - 2000 'F S.A.: 900 F/hr cool
Cvcle 6 - 2000 F S.A.: 75 F/he cocl
Cycle 7 - 1900 F S.A.: 1860 F/hr cool
Cycle 8 - 1900 F S.A.: 90 F/hr cool

Stress rupture data collected at 1400 F for the various solution-

annealed conditions are listed in Table VI.

This Table identifies

the heat treat cycles, stress level, time to reach 1400 F and total

time to failure, elongation, and reduction in area.

those specimens which failed in the notch.

It also identifies

The heat treat cycles are

shown in detail in Table II and also listed at the end of Table VI.
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TABLE VI

1400 F STRESS RUPTURE TEST DATA, HEAT 83C2EK OF INCONEL 718

Heat Time: Hours
Treatment Cycles Stress Spec. Temp. at to Temp. at % Red.
Specimen _(from Table I1) Level, ksi Insertion, F {1400 F) ~ Failure Failure, F X Elong. in Area
A-5 1, § 100 700 0.6 to failure 1370 3 (failed in
the notch)

&-6 90 870 0.5 0.8 1400 4 i7
A7 79 780 0.6 1.9 1400 4 12
A-3 79 850 0.9 2.5 1400 4 12
A" 70 770 1.2 6.4 1400 5 7
4-10 70 850 1.0 5.5 1400 3 15
A-11 60 700 1.0 24.1 1400 12 20
A-12 60 800 1.4 25.5 1490 10 19
A-13 60 750 1.2 24.9 1400 13 22
*B-5 1, 6 88.5 750 1.1 1.3 1400 19 25
B-6 19 650 0.6 2.4 1400 20 29
B-7 79 900 0.8 2.4 1400 19 34
B-8 70 800 0.6 8.4 1400 21 30 .
B-9 70 800 0.7 9.3 1400 14 . 27
B-10 €0 740 1.5 46.9 1400 15 24
5-11 60 600 1.3 14.3 1400 18 25
B-12 60 700 1.1 13.2 1400 18 29
B-13 60 670 1.0 17.4 1400 20 28
B~-14 55 650 1.3 39.1 1400 15 27
c-5 1, 7 79 700 0.9 1.7 1400 6 17
C-6 70 900 1.0 9.1 1400 25 29
c-7 70 820 1.2 7.8 1400 17 20
c-8 €0 870 0.9 34.1 1400 21 38
c-9 60 780 1.3 20.2 1400 27 36
C-10 60 770 1.2 19.9 1400 16 34
c-11 60 850 1.0 18.7 1400 17 36
c-12 79 750 0.8 1.3 1400 8 12



91

Specimen _(from Table I1I) Level, ksl Insertion,

D-5
D-6
D~7
D-8
-9
D-10
D-11
D-12

E-5
E~6
E-7
E-8
E-9
E-10
E-11
E-12
E-13

F-5
F-b
F=-7
F-8
F-9
F-10
F-11
F-12

G-5
G-6
G-7
G-8

Heat
Treatment Cycles

1, 8

1-4, 6

Stress

88.5
79
79
70
70
60
60
60

105
79
70
70
60
60
60
60
79

88.5
79
79
70
70
60
60
60

88.5
79
79
70

70

TABLE VI (CONT.)

Spec. Temp. at

F

Time: Hours

to

Temp. at

% Red.

(1400 F) - Failure Failure, F Z Elong. in Area

760
680
700
800
900
700
780
650

575
700
720
650
770
860
920
680
700

800
750
750
800
650
750
© 750
750

75C
85C
700
730

700
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to fallure
0.9

o failure
to failure

2.7

1400
1400
1400
1400
1400
1400
1400
1400

1360
1400
1400
1400
1400
1400
1400
1400
1400

1400
1400
1400
1400
1400
1400
1400
1400

1355
1400
1390
1390

1400

34
35
30
25
25
24
25
22

8
3
8
5
10
13
14
13

38
41
38
43
43
39
40
40

14

7
12

9
20
15
17
12
11

22
27
20
22
27
26
22
27

22

17

18
(failed in
the notch)
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TABLE VI (CONT.)

Heat Time: Hours
Treatment Cycles Stress Spec. Temp. at to Temp. at Z Red.
Specimen _(from Table II) Level, ksi Imsertion, F (1400 F) - Fatlure Failure, F 2 Elong. in Area
G-10 1-4, 7 60 870 0.7 23.7 1400 18 27
G-11 60 850 0.7 19.7 1400 17 17
G-12 60 Broke in the
threads
G-13 ™~ 60 630 1.1 24.5 1400 18 22
G~14 79 830 0.8 to failure 137G 3 (fatled in
the notch)

G~15 70 800 0.9 1.8 1400 2 13
H-5 - 1-4, 8 88.5 800 1.0. 1.2 1400 18 25
H-6 79 870 0.9 2.7 1400 24 27
H-7 69 850 0.9 2.7 1400 29 27
H-8 70 800 0.6 8.4 1400 25 33
H-9 70 900 0.8 8.1 1400 17 32
H~10 60 650 1.2 16.1 1400 21 29
H~11 60 700 1.0 i7.1 1400 18 34
R-12 60 730 0.7 17.9 1400 19 33

Cycle 1 - 1800 F stress relief Cycle 5~ 2000 F S.A.: 900 F/hr cool

Cycle 2 - 2000 F solution anneal Cycle 6 = 2000 F S.A.: 75 F/hr cool

Cycle 3 - 1400-1200°F duplex age Cycle 7 - 1900 F S.A.: 1860 F/hr cool

Cycle 4 = 1750 F stress relief Cycle 8 - 1900 F S.A.: 90 F/hr cool



V. MODIFIED AGING STUDIES

The materiail degradation tests (Section IV) showed that slowly cooled
material given the ten hour 1400 F plus eight hour 1200 F duplex age
obtained room temperature yield strengths of approximately 125 ksi
compared to 150 ksi for this material when rapidly cooled and aged.

A program was initiated to develop adequate room temperature yield
strenagth for Inconel 718 when furnace cooled at rates of 100 F and

400 F per hour. The 400 F pzr hour cooling rate was includad in the
event that 145 ksi could not be obtained from materials cooled at a
rate of 100 F per hour. It was hoped that the intermediate cooling
rate of 400 F would then provide a compromise giving lower thermal
stresses and a room temperature yield strength of 145 ksi. This pro-
gram consisted of checking the hardness of samples aged for various
combinations of times and temperatures. An aging cycle which resulted
in a promising hardness value would ihen be selected for combination
smooth-notched specimens. Thesa specimens would then be tensile tested
at room temperature to determine if the required design strength of 145
ksi for the PBF acoustic filters was obtained.

1. MATERIAL SQURCE

This study employed two different heats of material The initial
study utilized samples from heat 83C2EK. This was the heat wed fcr the
gussests on the PBF acoustic filters and in the material degradation
tests. The material was taken from section B (see Figure 1) which was
heat treated per cycles 1 and 6 in Table II. This represeanted solution-
annealed material cooled at a rate of 75 F per hour from 2000 F. Once
the hardness values were determined, a selected aging cycle was applied
to two combination smooth-notched stress rupture specimens from the
material degradation program. These specimens had also been machined
from Section B.

A second study was made to determine the aging response for
material coolad at a rate of 400 F per hour from a 2000 ¥ solution
anu2al. This material was removed from the failed section of PBF
acoustic filter Unit No. 1. The chemistry for this heat of material
identified as 87COEK]1 1is given in Table I. Hardness values were again
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recorded for various aging cycles. A cycle was selected and given to
two more of the stress rupture specimens from heat 83C2EK after being
solution annealed at 2000 F and cooled at a rate of 400 F per hour

prior to aging.

2. EXPERIMENTAL PROCEDURES

2.1 Heat Treating Procedures

Blocks having dimensions of approximately 1/2 inch by 1/2 inch by
1/4 inch were cut from the materials deseribed in Section V.1l. These
pleces were sealed in heat treating bags after being purged with argon
and aged according to Aging Schedules I and IT shown below. The heat

treatments were performed in a resistance heated laboratory furnace
+15

-OF of the desired aging temperature.

which controlled within

AGING SCHEDULE I

Samples per Step #1

Package for 1400 F £2

Step #1 (Removal time) Step

— Times at 1200 F Aging Step

5 2 hr m&.&p“ 16 b 0 Et_
5 4 hr 4 hr 8 hr 16 hr 30 hr
3 8 hr ——— 8 hr 16 hr —————
5 10 hr 4 hr 8 hr 16 hr 30 hr
3 16 hr —— 8 hr 16 hr ———
3 24 hr —_— 8 hr 16 hr ————
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AGING SCHEDULE T[

Step 1

Samples per 1325 F Step #2

gf:ﬁ‘@? for (Removal time) Times at 1150 F Aging Step
5 2 hr 4 hr 8 hr 16 hr 30 hr
5 4 hr 4 hr 8 hr 16 hr 30 hr
3 8 hr —_— 8 hr 16 hr —————

1

5 4 10 hr 4 hr 8 hr 16 hr 30 hr
3 16 hr ——— 8 hr 16 hr ———
3 24 hr —— 8 hr 6hr | -

A set of six heat treating bags was inserted for both the 1400 F
or 1325 F steps as shown in Schedule I and II. Bags were then removed
and air cooled after times of 2, 4, 8, 10, 16, and 24 hours. Samples
for various conditions were then placed into another set of four bags

which were aged at 1200 F or 1150 F for times of 4, 8, 16 and 30 hours.

2.2 Method for Recording Hardness Values

An edge of each block was polighed following the aging cycles.
Appreximately 0.005 inch was ground off to remove any effects of
oxidation., These surfaces were ground to a 600 grit finish. Hardness
values were recorded with a Rockwell Hardness Tester using a sphero-
conical diamond penetrator for the C-scale, The machine calibration
was checked at intervals with a calibration block specified as having
Rc values of 45.1 * 0,1. These checks taken near the beginning,
middle, and end of hardness measurements showed the following values:

1st check - 44.8, 45.2, and 45.0; 2nd check - 44.8, 44.7, and

44.8; and 3rd check - 45.2, 45.3, and 45,2.

2.3 Preparation and Testing of Tensile Specimens

Ce=pination smooth-notched stress rupture specimens, heat 83C2EK,

from the material degradation program, Section IV, were used for the room
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temperature tensile tests. These specimens were prepared per AMS

specification 5663 (specimen type -5).

Testing was performed, per ASTM E-8 at room temperature on a 60,000
1b. capacity screw driven Tinius Olsen testing machine. Elongation
recordings for flow curves were obtained from a microformer extenso-
meter. Elongation values for the failed specimens were established

from one inch gage marks.

3. RESULTING HARDNESS AND TENSILE VALUES
The Rc hardness values for the various combinations of aging

times and temperatures are shown in Table VII and Table VIII. Each

value represents the average from three measuraments.

TABLE VLI

Rc HARDNESS VALUES DEVELOPED FOR HEAT 83C2EK OF INCONEL 718 COOLED
- AT A RATE OF 75 F PER HOUR FROH 2000 F AND AGED :

Time at Second Aging Step (1200 F)

Hardness 4 hrs 8 hrs 16 hrs 30 hrs
Yl Initial
<] value _37.0
Z___z hrs 36.9 38.6 38.5 38.8 40.7 |
S 4 s 37.8 38.2 38.8 38.5 41.2
3 8 hrs 31.5 38.5 39.8
2l 10 bre 35.4 37.3 37.8 39.2 40.6
5 16 hrs 35.4 37.3 38.5
gi 24 hrs 36.6 37.6 38.1

Time at Second Aging Step (1150 F)

Hardness 4 hrs 8 hrs 16 hrs 30 hrs
&f Initiel
4:"{ ;;1,,; 37.0 .
o 2 hrs 8.7 38.7 38.2 39.7 40.2
A 4 hres 38,7 39.0 38.0 40.2 40.9
3l 8 hrs 18.5 38,2 39.9
EJ 10 hrs 38.0 39.3 38.7 39.8 40.5
% 16 hrs 38.7 39.3 39.7
§L 24 hrs 38.5 38.8 39.9
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TABLE ViII

Rc HARDNESS VALUES DEVELOPED FOR HEAT B7COEK1'OF INCONEL 718 COOLED
AT A RATE OF 400 F PER HOUR FROM 2000 F AND AGED

Time at Second Aging Step (1200 F)
Hardness 4 hrs 8 hrs 16 hrs 30 ars
dinitial
<_Value 34.6
:_ 2 hrs 16.7 39,3 40.0 1 _40.3 4%.1
S 4 hes 36.9 40.8 |41 41.2 63.3 ]
d 8 hrs 37.1 41.5 42.6 |
g 10 hrs 37.6 39.8 41.5 41.4 42.4
:Lm trs 37.2 40,2 41.8
fsjl 24 hrs 36.9 40.4 41.4 |
[
Time at Second Aging Step (1150 F)
Hardness 4 hrs. 8 hrs. 16 hrs. 30 hrs.

Natue | .
“ 2 hrs 38.0 490.4 41.9 41.2 1.7
E,_f_!\f 39.1  |l40.4 40.8 42.3 42,4
3 8hrs | 39.9 ' 42.1 42.4
g 10 hrs 39.1 40.6 61,7 42.3 43.0

b hrs 39.4 I 41.5 42.5 -

[a hrs 40.4 41.2 42.5

From the hardness values collected in Table VII, a lower tempera-
ture (1325-1150 F) duplex age was selected. This duplex cycle consisted
of four (4) hours at 1325 F plus sixteen (16) hours at 1150 F. Slightly
higher hardness values were observed when the second aging step was
extended to thirty (30) hours. However, a sixteen hour step was
selected to limit the total aging cycle to approximately twenty (20)
hours. A similar aging cycle wags selected for the material cooled at
400 F per hour. The stress Tupture specimens were aged accordingly

and tensile tested at room temperature. The tensile data are given in
Table IX.
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TABLE IX

TENSILE PROPERTIES FOR SAMPLES STRENGTHENED WITH A
MODIFIED 1325-1150 F DUPLEX AGE, HEAT B3C2EK OF INCONEL 718

Cooling Rate From 0.2% Yield Ultimate Tensile % Red.
Sample Soluticn Anneal Stress, ksi _Strenpth, ksi % Elong. 1in Area
BBS 100 F/hr 148% 197 16 14
BB6 100 F/he 144 196 17 17
BB7 400 F/fhx * 189 24 27
BB8 406G F/hr * 189 24 27

* The yleld strength was questionable or nondetermfnable as a result of the
extensometer slipping.




VI. MATERIAL AND HEAT TREATING TESTS PERFORMED ON
ACOUSTIC FILTER MATERIAL (HEAT 87COEK1)

Tests were conducted upon material removed adjacent to the erack
in the shell of acoustic filter Unit No. 1. The purpose of these tests
was twofold. To check the material properties at the location of
failure and to confirm the response of this heat of material, 87COEKl,
to the modified 1325-1150 F duplex age selected in Section V.3. The
yield strength resulting from this modified age needed to be checked
since the preceeding tensile tests were performed on a different heat.
These checks would also eliminate the uncertainity caused by the
slipage of the extensometer grips indicated in Table IX., Included in
these checks were room temperature impact tests for the aged conditions
as well as 1400 F stress rupture tests for the solution-annealed
materiale.

1. SOURCE OF MATERIAL REMOVED FROM THE CRACKED ACOUSTIC FILTER

Initially tests were conducted as part of a failure analysis to
check the properties of the shell material heat treated to duplicate
the conditions of Unit No. 1 during the heat treatments prececeding
failure {Ref. 1). This involved performing 1400 F stress rupture tests
on solution~annealed material cooled from 2000 F at an approximate rate
of 1200 F per hour and room temperature tensile and impact tests on
such material when subsequently aged ten (10) hours at 1400 F plus
eight (8) hours at 1200 F. The material was sawed from a location
directly beneath the trunnion near the failure site.

Latter checks were made upon this same material haviag modified
heat treatments. These were to check the 1400 F stress rupture proper-
ties for material cooled at rates of 100 and 400 F per hour from 2000 F
solution anneals. Room temperature tensile and impact properties were
then determinad for these conditions when aged four (4) hours at 1325 F
plus sixteen (16) hours at 1150 F. The material for these checks was
removed from locations near the trunnion positioned opposite the failure.
Two sections measuring 6 inches by 8 inches were plasma ciat from the
failed unit and then sawed into 6 inch by 4 inch sections. An inch of

material adjacent to each plasma cut was sawed off and discarded.
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2, EXPERIMENTAL PROCEDURES

2.1 Heat Treatment of Filter Sections

The material for the failure analysis checks was tawed into two
sections measuring 3 inches by 4 inches. These sections were inserted

into a resistance heated laboratory furnace operating at 18G0 F. They
+25

-0
this temperature for one (1) hour £ 5 minutes, cooled at a rate of

were then heated to 2000 F at a rate of 100 F per hour; held at
approximately 1200 F per hour to 1200 F, and then air cooled to room
temperature. The temperature was recorded and controlled by a thermo-

couple positioned between the two pieces. One section was then aged.

It was placed into the furnace operating at 1400 +igF, held for ten
(10) hours, cooled to 1200 +33F.at a rate of 100 F per hour, held for

an additional eight (8) hours, and then air cooled to room temperature.
Two (2) 3 inch by 4 inch sections were similarly heated to 2000
+33F and held for one (1) hour. These sections were then cooled to
1200 F at a rate of approximately 400 F per hour after which they were
air cooled to room temperature. Two (2) additional sections were
similarly solution annealed except they were cooled from 2000 F to
1200 F at a rate of 100 F per hour. A section from each of these two
solution-annealed conditions was aged at 1325 F and 1150 F. They were
placed Into a furnace operating at 1325 +ng, held for four (4) hours,
cooled to 1150 +33F at a rate of 100 F per hour, held for an additional
gixteen (16) hours, and then air cooled to room temperature. All heat

treating operations were performed in air.

2.2 Preparation and Testing of Specimens

Six (6) stress rupture specimens were prepared from each of the
three solution-annealed conditions. Smooth bar specimens were used
since no notch sensitivity was detected in prior stress rupture tests.
Thege one-quarter inch diameter specimens were prepared per Figure 8 of
ASTM E-B8. Their longitudinal axes were along the rolling direction of
the plate and located at the midpoint of the plate thickness. .

Three (3) tensile specimens were prepared from each of the three
aged conditions. These specimens were of the same type and had the

same orientation and location as the stress rupture specimens described
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in the precceding pavagraph. In addition, three (3) Lmpact specimens
were prepared from each of the aged conditions. These were Charpy
V-notch specimeus per ASTM E-23 (Type A). The specimens were
aligned longitudinally with the plate and the notches directed through
the thickness of the plate. The root of the nstches were located at
the center of the plate thickaess.

The stress rupture specimens were tested at 1400 F =t stress
levels of 79, 70 and 60 kai., They were inserted into a furnace
operating at 1400 F and then loaded within five minutes. Three thevmo-
couples were wired to each specimen to monitor the temperature. The
times were recorded for the samples to reach 1400 F and for failure to
occur., Percent elongations and reductions in area were determined
from the failed specimens.

The tensile and impact specimens were tested at room temperature
according to ASTM Methods E~8 and E-23, respectively.

3. TENSILE, IMPACT AND STRESS RUPTURE DATA

The 1400 F stress rupture data for solution-annealed acoustic
filter shell material cooled at rates of 1200, 400, and 100 F per hour
are listed in Table X. Room temperature tensile and impacr properties
for material aged to the various conditions described in Section

VI.2.1 are given in Tables XI and XII, respectively.
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TABLE X

STRESS RUFTURE PROPERTIES FOR SOLUTION-ANNEALED
CONDITIONS FOR HEAT 87COEK1 OF INCONEL 718

Time: Hours
Stress Spec. Temp. at to Temp. at % Red.
Specimen Thermal Treatment Level, ksi Insertion, F (1400 F)-Failure Failure, F % Elong. in Aves
FSt 79 700 1.0 3.9 1400 19 26
FS2 70 500 1.9 1.4 1400 22 29
FS3 70 g10 1.0 9.3 1400 23 3
lfgg 73 700 8.3 23.6 '233 Sg gg
. y 6 700 .9 9.3 1
Solution annealed :
Fs6 at 2000 F; cooled Tensile Test Y.S. - 95 ksi U.T.5-110 ksi 14 18
N 79 675 1.3 2.2 1400 8 1L ]
F12 70 725 0.9 8.7 1400 25 28
FI3 70 750 1.2 8.4 1400 2] 20
F14 79 750 0.8 1.4 1400 5 16
FIS 60 690 0.8 26.0 1400 23 28
F16 Tensile Test 0.2% ¥.S5. - B7 ksi U.7.5.-103 kst 10 16
FAl 79 800 0.7 0.7 14800 5 19
FA2 Solutiog annealed 70 830 0.9 5.3 1800 9 3
FA3 at 20007F; cooled 70 770 0.7 2.8 1469 5 10
FA 60 950 0.6 Nna 1400 25 27
FAS 60 800 0.6 30.0 1500 23 k1]
FAG 60 800 0.8 28.2 1400 25 k' |

Cooling rates: (FS)-100 F/hr , (F1)-400 F/hr , (FA)-1200 F/he
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TARLE XL

ROOM TEMPERATURE TENSILE PROPERTIES FOR AGE-HARDENED
CONDITIONS OF HEAT B87COEK1 OF INCONEL 718

0.22 Yield
Specimen Thermal Treatment
FS? 143
F58 : 145
FS9 Solution annealed at 146
2000 F; cooled; aged
FI? 4 hr at 1325 F plus 150
Fi8 16 hr at 1150 F 158
F19 157
FA? Solation annealed at 154
FAB 20009F; cooled; aged 160
FA9 10 hr at 1400 F plus 153

8 hr act 1200 F

Cooling rates: (FS5)-100 F/hr,

(FI)-400 F/hr,

Ultimate Tensile

TABLE X1

ROOM TEMPERATURE IMPACT PROPERTIES FOR AGE~HARDENED
CONDITIONS OF HEAT 87COEK1 OF INCONEL 718

199
201
202

195
196
196

205
202
201

Stress, ksi _Strength, kai 2 Elong.

20
20
20

25
24
24

18
17
18

(FA)-1200 F/hr

% Red.
in Area

31
29
29

36
KK
35

25
23
24

Specimen Thermal Treatment

FS10
FS11
FS12

F110
FI11
F112

Solution annealed at
2000 F; cooled; aged
4 hr at 1325 F plus
16 hr at 1150 F

Energy

Lateral

Abgsorbed, ft-lb Deformation (inch)

FALO
FAll
FAl2

Solution annealed at
2000 F; cooled; aged
10 hr at. 1400 F plus
8 hr at 1200.F

49.0
51.5
53.5

59.0
60.0
61.0

40.0
40.5
44.0

0.027
0.028
0.029

0.031
0.032
0.032

0.017
0.020
0.018

Cooling rates: (FS)-100 F/hr, (FI)-400 F/hr, (FA)-120C F/hr
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ViI. HIGH TEMPERATURE DUCTILITY STUDIES PERFORMED ON
BASE METAL AND SIMULATED HEAT AFFECTED ZONE SAMPLES

Slow cooling rates have been reported to cause overaging and re-
duced postweld heat treat cracking in Rene' 41, another nickel-base
precipitation hardenable alloy (2,3). Berry and Hughes (2) propose that
overaging allows base metal to be weaker and more ductile than heat
affected zones. This will allow stress relaxation to occur in base
metal rather than HAZ. Fawley and Prager (4) related tensile ductility
to the cracking occurrence observed in circular weld patch specimens by
Thompson et al, (3). Prager and Sines (5) then propose an explanation
for the reduced cracking tendency with overaged Rene' 4l. Their
explanation involved the influence of precipitate size upon deformation
characteristics. Small precipitates would be sheared by dislocations
resulting in heterogeneous planar deformation with stress concentrations
Aeveloping at grain boundaries. In contrast, coarse precipitates will
caugse homogeneous intragranular slip and a reduced cracking tendency.
These studies have led to the ucilization of slow cooling rates or an
overaged condition as a preweld heat treatment to reduce postweld heat-
treat cracking in Rene' 41.

It was desirable to see if cooling Inconel 718 slowly would induce
a similar reduction in cracking tendency. Two programs were conducted
to determine the high temperature tensile ductility of Inconel 718
thermally cycled to represznt heat affected zones. One study involved
checking the tensile ductility of base metal and simulated heat affected
zones of Inconel 718 which had been subjected to postweld thermal cycles
consisting of solution annealing at 2000 F and cooling rates of 1200 and
100 F per hour. The material degradation studies (Section IV) have
shown that 1400 F ductility of solution-annealed base metal was improved
by slow cooling. If this benefit persisted for heat affected zones, the
possibility of cracking as a result of residual thermal stresses such as
that reported for Incident No. PBF-73-9 (Ref. 1) would be lessened. A
second study checking the high temperature ductility of heat affected

zones, subjected to various preweld thermal cycles, was conducted and
reported in Section VIII.
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1. MATERIAL AND SPECIMEN IDENTITY

The samples used for this study were forty-one (41) excess
combination smooth-notched stress rupture specimens from the material
degradation program. These specimens were derived from heat 83C2ZEK
and were machined according to specimen Type-5 of AMS specification
5663, see Figure 2. The samples had been solution-annealed to various
conditions outlined in Table II. However, in this study the samples
were cycled to 2250 F with an induction coil, to simulate a HAZ, and
subsequently solution annealed at 2000 F. It was assumed, at the time
these tests were conducted, that these ateps would obscure aay previous

thermal history.

2. EXPERIMENTAL PROCEDURES

2.1 Thermal Cycling Specimens with Induction Coil
Twenty-one (21) of the specimens were heated with an induction

coil to produce simulated heat affected zones. The samples were ther-
mally cycled by positioning the gage sections of the specimens within
the hot zone cf the coil. The samples were then heated to temperatures
ranging from 2250 F to 2270 F. They were held at this peak temperature
for two to three seconds and then cooled tc 1400 F in approximately
twenty-five seconds. This entire operation was performed in an argon
purge to keep oxidation to a minimum and assist in rapidly cooling the
samples. The temperatures were recorded by thermocouples spot welded

onto the gage sections.

2.2 Heat Treatment of Specimens

Samples in this studi were given two different solution anneals.
In one case, ten (10) parent metal samples and ten (10) simulated HAZ
samples were heated to 2000 F, held for one hour, cooled at a rate of
100 F per hour to 1200 F, and then air cooled. In the other case, tan
(10) parent metal samples plus eleven (11) simulated HAZ samples were
similarly heated to 2000 F and held for omne hour. These sampies were,
however, cooled from 2000 F to 1200 F at a rate of approxzimately
1200 F per hour.

Two samples from each of the four conditions were uged. The
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samples cooled at a rate of 100 F per hour were given the modified age
of four (4) hours at 1325 F plus sixteen f16) hours at 1150 F. The
samples having experienced the meore rapid cool were aged for ten (10)
houra at 1400 F plus eight (8) hours at 1200 F.

All of the heat treatments were performed in a laboratory
resistance heated furmace wh;ch controlled within * 7.5 F., The samples
were placed in heat treating bags, purged with argom and sealed. The
cooling rates were maintained by controlling the furnace temperature.
Forced ailr was used to reduce the furnace temperature during the 1200 F

per hour cool.

2.3 Method for High Temperature Tensile Testing

The high temperature tensile tests were conducted in the same
manner as those in the material degradation studies. Samples were
placed into a furnace operating at the selected temperature, The
samples were allowed to heat to this temperature after which they were
held for five minutes to obtain equilibrium. They were then strained
at a rate of 0.005 in. per min beyond the yield points and thereafter
at a rate of 0.05 in. per min. Sample temperatures were monitored by

thermocouples wired onto the gage sections.

3. RESULTS OF HIGH TEMPERATURE TENSILE TESTS

The tensile data for the parent metal and simulated HAZ samples
having cooling rates of 100 and 1200 F per hour from 2000 F solution
anneals are shown in Table XIII.
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TABLE XITL

ELEVATED TEMPERATURE TENSILE DATA FOR INCONEL 718
SIMULATED HEAT-AFFEC:ED ZONE 4ND PARENT METAL SAMPLES, HEAT 83C2EK

Teat 0.2% Yi:1ld Ultimate Tensile % Red,
Specimen Temperature, F Stress, ksi _Strangth, ksi % Elong. in Area
HS? 1000 104 150 8 14
ES6 1100 103 153 9 14
asl 1200 101 1542 13 16
HS3% 1200 116 148 6 9
HSBA 1200 120 150 5 9
HS52 1300 100 127 15 17
BS54 1300 104 134 12 16
H’S9 1300 102 133 5 9
HS10 1400 94 il4 12 15
gss 1500 73 80 18 19
PS8 1000 100 158 16 17
PS10 1100 103 158 i4 15
pPS3w 1200 118 151 16 18
PS4w 1200 118 155 i3 16
PS7 1200 100 152 15 17
PS1 1300 101 138 15 17
PS5 1400 93 103 17 19
PS9 1500 70 ) 16 18
HFé6 1100 84 108 9 21
s 1200 87 120 13 20
BF1044 1206 131 157 . 7 8
[ LU 1200 130 159 8 12
ars 1250 91 121 11 20
Hrl 1300 92 124 15 22
HF2 1400 85 98 7 9
BF?7 1400 86 103 7 14
HF3 1500 73. 85 7 14
HF9 1550 61 65 18 LGk
"F4 1600 46 47 41 56%Rk
PR1lin 1200 130 159 14 19
PR24% 1200 129 158 16 16
PFB 1200 3 118 30 33
PF¥10 1250 90 127 25 30
PF3 1300 90 122 22 35
PFS 1400 86 98 7 16
PF6 1400 80 110 10 16
PF4 1500 71 83 9 15
1447 1550 63 67 19 22
PE? i600 45 &6 41 61
NOMENCLATURS :
HS: Heat Affected Zones with 100 F/hr furnace cool from solution amneal
teroe-ature.
PS: Pare.t Metal with 100 F/hr furnace cool from solution anneal
temperature.
HF: Heat Affected Zones with 1200 F/hr cool from solution anneal
teeperature.

PS: Parent Metal with 1200 F/hr cool from solution anncal temperature.

Notes: 1) HAZ simulated by induction heating to 2250~2270 F.
2) All material subsequently solution anneal at 2000 F.

*Aged at 1325 F for 4 hours plus 16 hours at 1150 F.
:"A ed at 1400 F foc LQ hours plus 8 hours at 1200 F.
***Thode specimens failed outside the simulated Heat Affected Zones.
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VIII. PREWELD IMMUNIZATION CHECK

Several authore(z’a) have promoted the use of slow cooling rates
or overaged conditions ar a preweld condition to reduce postweld
heat-treat cracking in Rene' 41 (see Section VII). It was desirable
to check 1if such a preweld condition would be beneficial in Inconel
718. .An investigation was therefore conducted to check 1400 F ducti-
lities of samples given simulated HAZ cycles after having been stress
relieved at 1725 F and rapidly or slowly cooled.

1. SPECIMEN IDENTITY AND THERMAL HISTORY

Hourglass specimens were prepared per ANC drawing No. 403350
from heat 2180-2-9247 (see Table I). The configuration of the speci-
mens was such that the minimum diameter was 0.2 inch and the radius
of curvature at the test gection was one inch. The specimens had been
stress relieved at 1750 F for 2 hours and then alr cooled after which

they were duplex aged at 1325 F for 8 hours and 1150 F for 8 hours.

2. EXPERIMENTAL PROCEDURES

Four specimens were again stress relieved at 1725 F for one hour.
Two specimens were air cooled from 1725 F and two were furnace cooled
at a rate of 100 F per hour. A single specimen, which was used for
comparison, was solution annealed at 2000 F for one hour and then air
cooled. One specimen for each cooling rate from the 1725 F stress
relieves were then tensile tested at 1400 F. The other specimen for
each cooling rate was heated with an induction coil to 2250 F to sim~
ulate a HAZ produced during weiding. The gage sections of these
specimens were heated from 140C F to 2250 F in 15 to 20 seconds. After
a one second hold the gage sections were cooled to 1400 F in approxi-
mately 35 seconds. These specimens were then tensile tested at 1400 F.
The control specimen was tested at 1400 F in the 2000 F solution-
annealed condition. Diametrical strains were recorded from which the
0.2% yield strengths were determined.

3. RESULTS OF TENSILE TESTS AND METALLOGRAPHIC INVESTIGATIONS

The values calculated for the 0.2% yield strengths along with

the reductions in area and ultimate tensile strengths are listed in
Table XIV.
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TABLE XIV

SIMULATED HEAT AFFECTED ZONE AND BASE METAL TENSILE PROPERTIES
AT 16400 F FOR INCONEL 718, HEAT 2180-2-9247

0.2% Offset

: Yield Streangth, Tensile Reduction

Specimen ksi Strength, ksi in Area, Z
-36 (2000 F, .¢. 1)) 57.3 100.3 23.4
-38 (1725 F, a.c. V) 100.0 113.0 43.8
-7 (1725 F, a.c.tV, mzt3) 85.5 115.1 13.5
-45 (1725 F, F.c. ®)) 85.0 122.6 39.9
-45 (1725 F, F.c.?, mz@®) 94.6 126.2 2.3

(1) A.C. indicates an air cool from the solution anneal
(2) Furnace cool was at a rate of 100 fur per hour.

(3) 2250 F cycle was selected to represent weld HAZ.

Light microééopy was used to check the microstructure of the
rapidly and slowly cooled base metal in addition to those cof the HAZ
formed on rapidly and slowly cooled material. These specimens are
listed as 46 and 38, and 37 and 45 in Table XIV. Matrix precipition
was apparent in the slowly cooled base metal but not in the rapidly
cooled base material. The simulated HAZ cycle dissolved all matrix
precipition which could be resclved by light microscopy. Another item
noted was that no grain growth occurred in the samples given the

simulated HAZ cycles. The grain boundaries were also almost completely

delineated with a phase which was probably some form of carbide.
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IX. DISCUSSIONS AND SUMMARIES OF HEAT TREATING STUDIES

1. MATERTAL DEGRADATION TESTS (HEAT 83C2EK)

1.1 1400 F Tensile Tests for Solution~Annealed Material

Tensile data for 1400 F tests of the various solution-annealed
conditions from Table II are shown in Table V. These tests were
primarily performed to aid in establishing stress levels for subsequent
stress rupture teste. C-oling rates affected the 1400 F temsile proper-
ties in two ways. The yleld and tensile strengths were less for specimens
rapidly cooled from 1900 F solution anneals (C and G). Conditioms C and G
possessed yleld strengths of 82.9 and 73.2 ksi, respectively, while the
ultimate tensile strengths were 92.4 and 80.4 ksi. The minimum yield
and tensile strengths for all other conditions (1900 F slow cool and
2000 F fast and slow cool) were 92.6 and 104 ksi, respectively. Higher
strengths were noted for the samples rapidly cooled from 2000 F
(samples A and E) than those rapidly cooled from 1900 F
(samples C and G). This indicates that there is a discrepancy. . An
examination of the heat treat charts offers one explanation for these
differences. Samples C and G were cooled from 1900 F to 1200 F at a
rate of 1860 F per hour whereas the actual cooling rate for samples A
and E over this temperature range was 900 F per hour. This indicates
that precipitation was avoided during the rapid 1860 F per hour cool
but partial aging occurred for the slower cooling rates of 75 and 90 F
per hour and possibly during the 900 F per hour cool. The heating
rates to test temperature and soaking times were not rigorously con-
trolled. This may have also contributed to high tensile values for
conditioms A and E.

A second and more important influence of cooling rate was an
improvement shown in the 1400 F ductility. Comparisons of samples A
to B, CtoD, EtoF, and G to H show that both the percents elonga-
tion and reductions in area are in each case better for the samples
cooled at slow rates of 75 or 90 F per hour than at rates of 900 or

1860 F per hour. This improvement was by as much as a factor of 3 in
some cases.,

1.2 Solution-Annealed Material Stress Rupture Tested at 1400 F

Data for 1400 F stress rupture tests of the eight solution-
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annealed conditions per Table II are listed in Table VI. is data is
plotted and is shown in Figures 6 through 11. Figures 6 and 7 show
the rupture lives for these various solutior-annealed conditions
loaded to initial stresses with constant weights. Solution anneal
temperatures (2000 F or 1900 F), cooling rate (75 to 1860 F per hour)
and prior thermal history did not show any distinguishable differences
(less than a factor of two) in rupture life when stressed at 60 ksi.
The majority of the specimens tested at this level failed between
approximately fifteen and twenty-five hours. Rapid cooling appeared
to reduce the rupture lives at higher stresses for a material solution
annealed at 1900 F. This is particularly apparent for conditien G
in Figure 7 and condition C appears to show this same trend in Figure
6. This reduction in rupture life may be attributed to rapid cooling
since conditions C and G were cooled at a rate of 1860 F per hour
which was much more rapid than any other thermal cycle. The low rupture
lives for conditions C and G corresponded with the low 1400 F yield
strengths of 82,9 and 73.2 ksi shown for these conditions in Section
VIII.1l.3. Stress rupture specimens would undergo age hardening during
extended tests and at 60 ksi the rupture life for conditions C and G
were comparable to other conditions. Many of the G specimens failed
before the samples reached the 1400 F test temperature. Two of these
premature failures occurred in the notches machined in the gage section
and a third occurred in the threaded section of the specimen. This
indicated that prior thermal cycling may have caused materizl solution
annealed at 1900 F and cooled at a rate of 1860 F per hour to be some-
what notch sensitive. In contrast, the only other failure to occur in a
notch was specimen A~5 which was stressed at a very high level of
100 ksi.

The rupture life for all of the solution-annealed conditions
may be summarized as follows; stresses of 79 ksi caused failures
in less than two hours while at 70 ksi rupture occurred in less than
ten hours. As previously mentioned, stresses of 60 ksi generally
caused failures between approximately fifteen and twenty-five hours.

1400 F stress rupture ductilities were improved by slowly

cooling from the solution anneals. This is shown in Figure 8 where
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percent elongations are plotted for stresses ranging from 60 to 90 ksi
for conditions A, B, C, and D. Substantially better elongations are
noted for slowly cooled material (conditions B and D) at higher stress

levels. Epecifically, conditions A and B represent materials solution
annealed at 2000 F. Conditfon A was caoled at a rate of approximately
900 F per hour and condition B at 75 F per hour. The plots in Figure

8 show that condition A posgessed elongation values of 5 percent or
less at stresses of 70 ksi or greater. Condition B had elongation
values near 20 percent for equivalent stresses. At 60 ksi the
elongation values became more similar, i.e., 12 and 18 percent, res-
pectively, for conditions A and B. The samples rapidly and slowly
cooled from 1900 F, conditions C and D, showed the same trend. Condi-
tion D, which was cooled at a rate of 90 F per hour, had elongation
values of 30 to 35 percent for stresses of 79 ksi and greater. <Condi-
tien C, cooled at a rate of 1860 F per hour, showed elongation values
of only 7 percent at 79 ksi. At stresses of 70 and 60 ksi conditions
€ and D displayed similar elongation values; i.e., 21 percent for
condition C and 24 percent for conditiom D.

Better 1400 F stress rupture ductilities were obtained from
1900 F solution anneals as compared to 2000 F solution anneals when
the cooling rates were comparable and no prior thermal cycling had
been experienced. Compare the plots for conditions A andC (rapidly
cooled) and conditions B and D (slowly cooled) in Figure 8. Condition
C the material having the lower solution anneal (1900 F) showed better
elongatiqn values than condition A which was solution annealed at 2000 F
when stressed at 60 and 70 ksi. This shows that the lower solution
amneal temperature offers better ductility over a wider range of
stress levels. Condition D, the material solution annealed at 1900 F
and cooled at a rate of 90 F per hour, had better elongation values
than condition B over the 60 to 90 ksi stress range . Condition B was
the material solution annealed at 2000 F and cooled at a rate of 75 F per hour.

The ductllity expressed in terms of parcent reduction in area
shows the same trends as the percent elongation (see Figure 9). These
trends are; 1) improved reduction in area as a result of slowly
cooling from a comparable solution anneal temperature (1900 or

2000 ¥), ané 2) better ductilities for 1900 F solution anneals than
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2000 F solution anneals when the cooling rate is comparable.

Prior thermal history involving a 2000 F solution anneal, 1400-

1200 F duplex age, and a 1800 F stress relief did not affect 1400 F stress
rupture ductilities for material solution annealed at 2000 F but did
reduce the ductilities when the solution annealed was performed at 1900 F.
This can be observed from elongations plotted in Figures 8 and 10 and re-
ductions in area plotted in Figures 9 and 1l. Prior thermal history

also caused the material solution annealed at 1900 F and rapidly cooled

to be somewhat notch sensitive at 1400 F.

The elongation plots in Figure 1 for conditions E and ¥ which re-
present materials having received prior thermal history and a 2000 F
solution anneal are very similar to the corresponding solution-anmnealed
conditions of A and B in Figure 8. Figures 9 and 11 show that plots of
reductions in area are also quite similar when one compares conditions A
to E and conditions B to F. The samples solution-annealed at 1900 F,
conditions C and D in Figures 8 and 9, may be compared with those having
the same annealing temperature, conditions G and H, in Figures 10 and 11
to show the detrimental effects of prior cycling. The elongation values
for condition C, having a 1900 F solution anneal and fast cools are 20
percent at 70 ksi. Condition G which was also solution annealed at 1900 F
and rapidly cooled but having received extra thermz2l cycles had an ave-
rage elongation of only 4 percent at this stress level. The elongation
values are between 25 and 35 percent for 1900 F solution anneal with a
slow cool (condition D) in Figure 8. 1In comparison the eicngation values
were reduced to values ranging from 17 to 29 percent for similarly solution

annealed material having received extra thermal cycles (condition H) in
Figure 10.

1.3 Age-Hardened (1400-1200 F) Room Temperature Tensile Properties

Room temperature tensile properties for aged samples have been
reported in Table ITI. These samples had been heat treated to various
conditions to establish the effects of prior thermal cycling, solution
anneal temperature (2000 F or 1900 F), and cooling rates from the
solution anneal. In checking the effects of prior thermal cycling,
material solution annealed and aged directly from a mill-annealed
condition was compared with material solution annealed and aged after
a previous 2000 F solution anneal, age, and stress relief. The

latter condition would be representative of acoustic filter Unit No. 1
after repair.

The most apparent effect of the variables mentioned above was
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a reduction in 0.2% yield and ultimate tensile strengths resulting from
slow cools from solution anneals. A comparison of the rapidly cooled
specimens (AA, CC, EE, and GG) with the slowly cooled specimens (BB, DD,
FF, and HH) in Table III will show this trend. The specific cooling
rates were as follows; conditions AA and EE - 900 F per hour, conditions
CC and GG - 1860 F per hour, conditions BB and FF - 75 F per hour, and
conditions DD and HH - 90 F per hour. All specimens were then aged 10
hours at 1400 F plus 8 hours at 1200 F. Yield strengths ranged from 148
to 158 ksl for the rgpidly cooled specimens and from 125 to 132 ksi for
the slowly cooled specimens. Accordingly, the ultimate tensile strengths
ranged from 191 to 195 ksi and from 181 to 189 ksi, respectively, for
the rapidly and slowly cooled specimen.

Slow cooling frqm the solution anneal slightly degraded the room
temperature elongation and reduction in area. Samples solution annealed
at 2000 F and rapidly cooled (AA and EE) showed an average elongation
value of 19 percent compared to 17 percent for the specimens slowly
cooled from the same temperature (BB and FF). The reductions in area
were 25 and 21 percent, respectively. Annealing at 1900 F resulted in
elongation values averaging 16 and 13 percent, respectively, for the
rapidly and slowly cooled samples, (compare CC and GG specimens to DD
HH specimens). These same specimens showed average reductions in area
of 19 and 16 percent, respectively.

Solution annealing at 2000 F gave consistently better ductility
in terms of percent elongation and reduction in area than 1900 F solu-
tion anneals. This effect of solution anneal temperature may be checked
by comparing the AA to CC specimens (rapidly cooled) and the BB to DD
specimens (slowly cooled) in Table III. Specimens rapidly cooled from
2000 F showed ductility measurements which were a factor of 1/3 better
than specimens solution annealed at 1900 F. For example, the average
elongation was 20 percent for AA specimens compared to 15 percent for
CC specimens. The corresponding averages for the reductions in area
were 26 percent and 19 percent. The average elongation value was 16
percent (BB specimens) for the 2000 F solution anneal compared to 13
percent (DD specimens) for 1900 F solution anneals when cooled at rates

of 75 and 90 F per hour, respectively.
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Yield strength was not noticeably and comsistently effected by
the solution anneal temperature. Yield stresses were slightly greater
for rapidly cooled sgecimens solution annealed at 1900 F rather than
2000 F. The average yleld stress was 156 ksi when solution aanealed
at 1900 F (CC specimens) compared to 151 ksi when solutions annealed
at 2000 F (AA specimens). This may also be the effect of cooling rate
since the samples solution annealed at 1900 F were cooled at a rate of
1860 F per hour while those solution annealed at 2000 F were cooled
at a rate of 500 F per hour. This trend was reversed for specimens
cooled at rates of 75 and 90 F per hour. The yleld strengths were
125 and 128 ksi (see specimens DD and BB), respectively, fcr 1900
and 2000 F solution anneals. The ultimate tensile strength also was
not greatly effected by the solution anneal temperature. When rapidly
cooled, this property was nearly the same, i.e.; 193 ksi comparad to
194 ksi for 2000 and 1900 F solution anneal. A 75 F per hour cool
from 2000 F caused the ultimate tensile strength to be slightly higher
than a 90 F per hour cool from 1900 F. This improvement was from 183
to 187 ksi.

Prior thermal history did not influence either the yield
strength or ultimate tensile strength for specimens haviag
received the same solutior anneal temperature and approximately the
same cooling rates. Extra cycles appear to have reduced the ductility
of samples solution annealed at 2000 F and rapidly cooled. The
elongation was reduced from 20 to 18 percent and the reduction in area
from 26 to 23 percent as a result of the extra heat treat cycles (see
samples AA and EE). This trend was reversed when slowly cooled from
2000 F. For example, elongation averages were increased from 16 to
17 percent and percent reduction in area averages from 20 to 22 percent
as a result of the extra cycles. No changes in ductility were noted
as a result of prior thermal history for solution anneals performed
at 1900 F.

There are three noteworthy observations from the room tempera-
ture tensile properties of the aged specimens. Yield strengths and
ultimate tensile strengths were reduced as a result of 75 or 90 F per

hour cools from the solution anneals. The average yeild strength of
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approximately 130 ksi for these conditions was unsatisfactory in re-

gard to 145 ksi requirement for the acoustic filters. Secondly,

solution annealing to 2000 ¥ vather than 1900 F showed an improvement

in room temperature base metal ductility for comparable cooling rates.
Finally, an extra thermal cycle of a 2000 F soluticn anneal, age and stress

relief will not impair base metal room temperature tensile properties.

1.4 Room Tempefature Impact Properties for Materials Aged at 1400-1200 F

An improvement in impact values was observed when material was
solution annealed at 2000 F rather than 1900 F. This is shown by
reviewing the charpy impact values reported in Table IV for base
materials age—hardened 10 hours at 1400 F ﬁlus 8 hours at 1200 F as
outlined in Table II. A comparison shows impact wvalues of 26 ft-1b
for specimens rapidly cooled from 2000 F solution anneals (AA) and
values of 18 ft-1b for samples solution annealed at 1900 F and
similarily cooled (CC). The'samples of conditions BB and DD show a
similar trend. These slowly cooled samples had impact values of 23
ft-1b and 18 £t-1b, respectively, for 2000 and 1900 F solution
anneals. The higher solutior anneal temperature, 2000 F, continued to
provide better impact values even when material had received a prior thermal
history of a 2000 F solution anneal, a 1400-1200 F age and a 1800 F
stress relief. For example, impact values for samples EE were 26 ft-
1b compared with 18 ft-1b obtained for GG. A comparison of samples FF
and HH which were slowly cooled showed thet the 2000 F solution
anneal resulted in average impact values of only 18 ft-lb.

Additional prior thermal history involving a 2000 F solution
anneal, a 1400-1200 age and a 1800 F stress relief, did not impair
room temperature impact properties. In fact, it improved impact
resistance in two caseé. Compare the 23 ft-1b average for the BB
specimens with the 26 ft-1b average for the FF specimens. Samples CC
and GG show this same trend of 18 and 20 ft-1b. It should be noted,
however, that the prior thermal history did not increase impact values
for samples annealed at 1900 F to the levels observed for 2000 F
solution anneals. This is shown by comparing the values of 20 ft-1b
reported for the GG to those of 26 ft-1b for AA and 23 ft-1b for BB.
This indicated that grain size is not the contrclling factor.
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The microstructural phases either dissolved or precipitated between
1900 F and 2000 F may have an influence on the differences in impact values.
Cooling rates from the solution anneal did not affect the impact
properties by more than approximately 10 percent. For instance, samples AA
and EE both solution annealed at 2000 F and rapidly cooled showed average impact
values of 26 ft-1b. Samples designated as BB and FF were also
solution znnealed at 2000 F but cocled at a rate of 75 F per hour.
Values for BB were slightly lower, 23 ft-1b, but those for FF were
equal to the 26 ft-1b shown for the AA and EE conditions.
The above discussion showed that solution annealing at 2000 F
will provide better room temperature impact properties for base metal
than 1900 F solution anneals. Also, additional thermal cycling invol-
ving a 2000 F solution anneal, age and stress relief did not impair

the room temperature impact properties.

1.5 Microstructural and Fractographic Findings

The fracture surfaces of failed 1400 F stress rupture specimens
were examined with a table microscope and a scananing electron micro-
scope. Specimens tested at 70 ksi or greater for materials rapidly
cooled from solution anneals had distinct intergranular crescent-
shaped fracture origins. Such an intergranular origin for stress
rupture specimen A-6 is shown in Figure 12. This specimen had been
solution annealed at 2000 F and then cooled at a rate of 900 F per
hour to 1000 F prior to being tested at 1400 F at an initial stress
of 90 ksi. Failure occurred in 0.2 hour with an elongation of only
4 percent. Such large distimect intergranular crescent-shaped fracture
origins were not observed on this material when tested at stresses
below 70 ksi. The fractures were more irregular than those exhibited
by specimens stressed above 70 ksi and showed a mixed intergranular
and transgranular wode with approximately 20-30 percent of the surface
displaying grain boundaries. This irregular mixed fracture mode also
occurred for slowly cooled material tested at all stress levels.

Scanning electron fractography verified that the crescent-
shaped origin for specimen A-6 was predominantly intergranular (see
Figure 13). The intergranular facets were very smooth and did not

show any signs of dimpling. In contrast, dimpling resulting from
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microvoid coalescence along grain boundaries was observed at

fracture origins for slowly cooled material. Examples of dimples are
identified by arrows in Figure 14 for specimen B-5. This specimen had
been solution annealed at 2000 F and then cooled at a rate of 75 F
per hour. The elongation was 19 percent when stressed at 88.5 ksi.
Dimpling was observed on grain boundaries for all solution-annealed
conditiors at levels of less than 70 ksi. Figure 15 illustrates the
dimpling which occurred on specimen A-1l1. This specimen, which had
received a 900 F per hour cool, showed an elongation of 12 percent
when tested at 60 ksi. In summary, dimpling on grain boundaries
appeared to be associated with specimens having better 1400 F stress
rupture ductility. Specimens having such a fracture characteristic,
which exhibited dimpling, were ones which had been slowly cooled from
solution anneals or rapidly cooled and tested at stress levels of less
than 70 ksi.

Metallographic sections of failed 1400 F stress rupture
specimens were examined with a light metallograph. The only note-
worthy item was hetrogenous precipitation which became very apparent
in material which had been slowly cooled (conditions B and D). These
material conditions differentially etched to reveal a banding effect.

This banding is shown at a magnification of 500X for condition B in
, Figure 16. The same sample was then examined with the sczaning elec-
tron microscope. Observations at approximately 4200X showed the
shapes of some precipitates present in the bands (see Figure 17).
The bands which appeared light cclored in light micrographs contained
small round precipitates in addition to larger elongated precipitates.
No precipitates were resolved by this technique for the bands which
etched darker. '

Material conditions A and B were examined by trancmission
electron microscopy on replicas taken from polished and etched samples.
Conditions A and B represent heat 83C2FK coolad from 2000 F at rates
900 and 75 F per hour, respectively. Replicas photographed at
15,000X and shown in Figure 18 illustrate the precipitate forms
detected for conditions A and B. The electron micrograph in Figure
18a shows that the matrix precipitation for the’ rapidly cooled

material is very fine whereas therz are three forms of precipitates
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shown for condition B in Figure 18b. The precipitate forms include
small round or blocky-shaped precipitates, and intermediate and large
elongated or lenticular-shaped precipitates. These shapes agree with
those observed with the SEM.

Inconel 718 differs from most other nickel-base superalloys in
that it contains a 5 weight percent alloy addition of niobium. This
causes a more complex precipitation process. Most nickel-base
precipitation hardenable alloys form a face—cente;ed—cubic precipitate
of Ni3 (Al, Ti) which is coherent with the matrix. Incomel 718, hoy-
ever, can undergo a process which involves three different phases.

There 13 a face-centered cubic (fzc) coherent precipitate which is
generally associated with temperatures below 1200 F. This phase rich

in aluminum and titanium has beer reported to have a round or cubic
shape'  ~’. Between 1200 and 1600 F a coherent body-centered-tetragonal
(bct) phase is observed which is rich in niobium. This phase often
shown as Ni Nb and referred to as gamma double prime (¥'") has been
reported as having disc-shaped or platelet forms (Ref. 6, 7, 9-11).

(6), and Cozar and Pineau(7) have reported these pre-
cipitates to coarsen to diameters of over 3000A°. The times reported

to cause ¥" growth to 3000A° at 1400 F was 100 and 500 hours, respectively.
The bet ¥" precipitate is metastable.: It will transform to NigNb which
has an orthorhombic structure. This orthorhombic phase has been re-
ported as appearing as large platelets (Ref. 9, 12 and 13). 1In fact,
Wagner and Hallclz) have referred to it as having a Widmanstatten
pattern. The ratio of Ti + Al/Nb has been shown toc influence the extent
of ¥' or YY" precipitaticn(ﬂ .

Paulonis, et al

The electron micrograph in Figure 18b shows small round precipi-
tates and intermediate-~sized lenticular precipitates. According to the
above discussion, it would appear that these would be the (fcc)¥' and
(bct) ¥", respectively. The lengths of the lenticular precipitates in
Figure 18b have been calculated to be from 2000 to 5000A°. This agrees
with the size of the coarsened ¥"' reported by Paulonis, et a1(6), and
Cozar and Pineau(7). The longer platelets in Figure 18b may be orthor-
hombic Ni3Nb since it appears to be formed by consuming smaller adjacent
precipitates. These electron microscopy studies have shown that cool-

ing heat 83C2EK at a rate of 75 F per hour caused coarse higher
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temperature precipitates to form. In contrast, very fine precipitates
formed when rapidly cocled. This detection of coarsened precipitates
with slow cooling rates supports the observations of reduced strain-
age cracking for overaged conditions of Rene' 41 according to
references 2 and 3 %E)Section VII. It also agrees with the proposal

of Prager and Sines ™~ in that coarse precipitates will cause hcmo-

geneous intergranular slip and result in a reduced cracking tendency.

2. MODIFIED AGING STUDLES

In an investigation to lmprove room temperature yield strength,
hardness measurements were recorded for heat 83C2EK cooled at a rate
of 75 F per hour and then aged for various combinations of times at
1400-1200 F and 1325-1150 F (see Table VII). The changes in hardness
when aged at initial temperatures of 1400 and 1325 F are plotted on
the left in Figure 19. The hardness of samples having exposures of 2 (A),
4 (B) and 10 (C) hours at 1400 and 1325 F are then plotted with reepect te
the times aged at the second stages of either 1200 or 1150 F. Hard-
nesses obtained from these second stage exposures are indicated on the
right in Figure 19 for times extending to 30 hours. A similar set
of hardness plots for heat 87COEKl cooled at a rate of 400 F per hour
(see Table VII) is shown in Figure 20.

The initial hardness for heat 83C2EK cooled at a rate of 75 F
per hour was Rc 37. The material hardened to between kc 38 and 39
when initially aged at 1325 F and remained fairly constant for times
up to 24 hours. The 1400 F -aging step caused the hardness
to decrease after 8 hours ©possibly indicating overaging.
Additional hardening occurred during the second aging steps at 1200
and 1150 F. The lower temperature ages at 1150 resulted in slightly
greater hardnesses after 16 hours. Table VII shows hardness values
ranging from 38.1 to 39.8 Rc for the higher temperature ages and from
39.7 to 40.2 Rc for the lower temperature ages for exposures limited
to 16 hours at the second aging step. The recorded hardness valuss
were nearly the same for all conditions when the second aging steps
were extended to 30 hours. This was true even for those samples which
appeared to be overaged by 10 hour exposures at 1400 F.
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The initial hardness of heat 87COEK1 cooled at a rate of 400 F
per hour was 34.6 Rc. The hardness values for various exposures to
initial ages at 1400 F and 1325 F are shown in Figure 20. Aging at
1325 F caused greater increases in hardness than 1400 F for times
extending to 24 hours. Rc hardnesses were increased to values ranging
from 39 to 40.4 for the 1325 F age but only 37.2 for 1400 F exposures.
There is again evidence of decreasing hardness after 10 hours at
1400 F. The lower temperature second stage age at 1150 F again
showed better hardness values after 16 hours than the exposures at
1200 F. Except for the cycle aged for 2 hours at 1325 F the Rec hard-
ness was consistently greater than 42 whereas those aged at 1400--1200 F
were generally below Rc 42 after the 16 hour second stage ages. Hold-
ing the samples for 30 hours at the second aging steps caused most of
the conditions to obtain comparable hardnesses. .

Heat B7COEK1l cooled at 400 F per hour had a lower initial
hardness than heat 83C2EK cooled at a rate of 100 F per hour;

i. e., 34.6 Rc compared to 37. This may be the result of either or
both the different heats or cooling rates. Samples cooled at the more
rapid rate were often harder after aging. This corresponds with high-
er room temperature yield strength values for rapidly cooled material
in the Material Degradation Tests, (Section IV).

The combination of 4 hours at 1325 F plus 16 hours at
1150 F provided good hardness values for samples of heat 83C2EK cooled
at a rate of 75 F per hour and for heat 87COEK1 cooled at a rate of
400 F per hour. Room temperature tensile data are listed in Table IX.
The 0.2% yield strengths for the samﬁles cooled at a rate of 75 F per
hour were 144 and 148 ksi. The yield strengths for samples cooled at
400 F per hour could not be determined because the extensometer slipped.
This raised some question about the resulting yield strengths, however,
the required design stress of 145 ksi for the PBF acoustic filter
appeared to be satiéfied since the hardness was better than the samples

cooled at a rate of 75 P per hour.

The studies have shown that a 10 hour 1400 F plus 8 hours 1200 F

duplex age on heat 83C2EK cooled at a rate of 75 F per hour resulted in a

hardness of 37.8 Re. This agrees with the low room temperature yield
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strengths of 125 to 132 ksi reported for conditions B3, FF, DD, and EH
in Table III which represent the same heat and similar cooling rates.
This heat having the same solution anneal and a eimilar cooling rate
showed a hardnes3s of 40.2 Rc after a 4 hour 1325 F plus 16 hours

1150 F age. The yield strength was accordingly increased to around
145 ksi.

The results of the hardness studies may be summarized as
follows: 1) Higher hardnesses may be obtained for slowly cooled
material by using a modified duplex age of 4 hours at 1325 F plus 16
hours at 1150 F rather than the 10 hour - 1400 F plus 8 hour - 1200 F
age previously used on the PBF acoustic filters. This increase in
hardness accompanied an improvement of room temperature yield strength
to values around 145 ksi. 2) Material solution annealed at 2000 F
and cooled at a rate of 400 F per hour rather than 100 F per hour had
lower hardness values when solution annealed but aged to higher hard-
nesses.

3. MATERIAL AND HEAT TREATING TESTS PERFORMED ON
ACOUSTIC FILTER MATERTAL (HEAT 87COEK1)

3.1 1400 F Stress Rupture Properties of Solution Amnnealed Acoustic
Filter Material

1400 F stress rupture data for heat 87COEK1l cooled from
2000 F solution annealed at rates of 100, 400, and 1200 F per hour
are 1listed in Table X. The rupture ductility in terms of the percent
elongation is plotted with respect to the initial applied stiesses in
Figure 21. Rapidly cooling the material at a rate of 1200 F per hour
from a 2000 F solution anneal resulted in elongation values of 5 to
9 percent when stressed at 79 and 70 ksi. When the cooling rate was
reduced to 400 F per hour, elongations were still from 5 to 8 percent
at 79 ksi but increased ts values of over 20 percent at 70 ksi. Lower-
ing the cooling rate to 100 F per hour caused an additionmal increase
in guetility. The average elongation was 22 percent for specimens hav-
ing received a 100 F per hour cool and tested at a 79 ksi stress
level. At the lowest stress level of 60 ksi elongation values were
nearly the same for all conditions. Tiils improvement in stress rup-

ture ductility with progressively slower cooling rates for heat
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87COEK]1 corresponds with that shown for heat 83C2EK in Figure 8.

Rupture life at higher stress levels progressively improved
as the cooling rate is decreased for heat 87COEKl. This observation
of reduced rupture life with rapid cooling rates agrees with the
observations of conditions C and G from heat B3C2EK in Figures 6 and
7, respectively. It can be observed in Table X that rupture life was
nearly the same for all solution-annealed conditions for heat 87COEKI
when stressed at 60 ksi. This is also in agreement with the behavior
of heat 83C2EK in Figures 6 and 7.

It has been calculated that thermal stresses of approxzimately
85 kei were quenched into the filter Unit No. 1 when coolad from the 2000 F
solution anneal with a 1200 F per hour ccol. Specimens FA in Table
X represent the solution-annealed condition of PBF acoustic filter
Unit No. 1l prior to the aging cycle during which failure occurred(l).
These data show that specimens initially stressed at 79, 70 and 60 ksi
at 1400 F would fail in 0, 3.3, and 29 hours, respectively. Stresses
on a constant load stress rupture specimen would increase as specimen
diameters decrease whereas residual thermal stresses in the filter
would decrease due to relaxation. Nevertheless, it seems that the
residual thermal stresses were instrumental in causing failure during
the 1400-1200 F duplex aging cycle.

3.2 Age-Hardened Room Temperature Tensile Properties

The room temperature tensile properties for filter shell
material, hest 87COEKl, aged to various conditions are given in Table
XI. The specimens for material solution annealed at 2600 F, cooled
100 F per hour, aged 4 hours at 1325 F and 16 hours at 1150 are iden-
tified as F§, They possessed an average 0.2% yield strength of 145
ksi, the required design stress for the PBF acoustic filter. Specimeng
cooled from a 2000 F solution anmneal at a rate of 400 F per hour and
similarly aged are identified as FI specimens. These specimens
showed an average yield strength of 155 ksi. This was comparable to
“he average of 156 ksi listed for the FA specimens which represent

the ago-hardened condition of the failed PBF acoustic filter Unit
No. 1.
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Room temperature tensile ductilities zre also listed in Table XI.
The percent elongations were 20, 24 and 18 percent, for cooling rates
of 100, 400 and 1200 F per hour, respéctively. This manner in which
100 and 1200 F per hour cooling rates affected ductility is a reversal
from the observations discussed in Section IX.1.3. This indicated
the modified 1325-1150 F age provides better room temperature ductility
for slowly cooled material than the 1400-1200 F aging cycle.

3.3 Impact Properties for Age-Hardemed Acoustic Filter Material

Room temperature impact properties are Tisted in Table XII
for the FS, FI, and FA conditions. Material cooled at 400 F per hour
(FI condition) and aged had the highest averageé impact resistance of 60 ft-1b.
The next highest impact values (51 ft-1b) were shown by the (FS) specimens
cooled at a rate of 100 F per hour. The FA specimens cooled at 1200 F
per hour and 1400-1200 F duplex aged showed an average impact value
of 41 ft-1b. The impact values of Table XII (heat 87COEK1l) may be
compared to values given in Table IV for heat 83C2EK. The FA specimens
of Table XII wer: solution annealed and aged the same as the AA
specimens listed in Table IV. The average respective impact values
were 41 and 26 ft-1b. 7This shows that heat 87COEK] has significantly
better impact resistance. Heat treat conditions having slower cooling
rates, 400 F and 100 F per hour, and the modified 1325-1150 F duplex
age showed better impact values than the FA specimens (see Table XII).
In contrast, slowly cooled and 1400-1200 F duplex aged BB specimens
in Table IV showed worse impact resistance than the AA specimens.
This shows that either the effect of cooling rate upon the impact
properties is different for the two heats or that the modified

1325-1150 F duplex age has significantly improved the impact
properties.

3.4 Review of Stress Rupture, Tensile and Impact Data for Acoustic
Filter Material

1400 F stress rupture tests for various solution~annealed
conditions for heat 87COEK1 have shown:

1. The stress rupture ductility in terms of elongation
and reduction in area is progreassively improved as the

cooling rate from 2000 F solution anneals is reduced
from 1200 F to 400 F to 100 F per hour.
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The

Progressively slower cooling rates from 2000 F solution
anneals (1200, 400 and 100 F per hour) caused an increase
in 1400 F rupture life for stress levels of 70 ksi or
greater.

This material cooled from a 2000 F solution anneal at a
rate experienced by the acoustic filter will fail in less
than 5 hours when stressed above 70 ksi at 1400 F.

room temperature tensile tests have shown:

Shell material for the acoustic filters (heat 87COEK1) may
be age-hardened with a 1325 F -~ 4 hour plus 1150 F ~ 16
hours cycle after being cooled at a rate of 100 F per hour
from a 2000 F solution anneal to provide aroom temperature
0.2% yield strength of 145 ksi.

No discrepancy was noted in the tensile properties of
material removed adjacent to the failure site and solution
annealed and aged like the acoustic filter (condition FA).
The tensile ductility was better for material soiution
annealed at 2000 F, cooled at ratesof 400 F (FI) and 100 F
(FS) per hour; and then aged & hours at 1325 F and 16 hours
at 1150 F than material solution annealed at the same tem-
perature, cooled at a rate of 1200 F per hour, and aged 10
hours at 1400 F and 8 hours at 1200 F (condition FA).

room temperature impact tests have shown:

The impact resistance for samples aged after being cooled
at rates of 100, 400 and 1200 F were 51, 60, and 41 ft-1b,
respectively. This has shown that the impact resistance
for specimens cooled at rates of 400 and 100 F per hour
could be improved by the modified 1325-1150 F age to values
greater tazn the previously used FA condition.

The imract resistance of heat 87COEK1 heat treated to condi-
ition FA to represent the condition of the acoustic filter
was 41 ft-1L. This is superior to the average of 26 ft-1b
for heat 83C2EK shown in Table IV. 1t is also superior to
two heats (2180-2-9251 and 2180-2-9247) and equal to a
third heat (HT52C9EK) tested for the Alloy 718 code case submit-
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tal (AEC.Inconel 718 Materials Program, Contract 41-1375-
I-94). This shows there was no weakness in the room
temperature impact properties of aged material near the
failure site.
4. HIGH TEMPERATURE TENSILE STUDIES PERFORMED ON BASE METAL
AND SIMULATED HEAT AFFECTED ZONE SAMPLES

Section VII describes a program investigating high temperature
tensile ductility for solution-annealed base metal and simulated heat
affected zone specimens. This program specifically checked the effects of
cooling rates of 1200 F and 100 F per hour from 2000 F solution anneals
upon tensile ductility between 1000 and 1600 F. These tensile data for
specimens taken from heat 83C2EK (acoustic filter gusset material) are
listed in Table XIII. Elongations and reductions in area for the
solution-annealed conditions are plotted as a function of test tempera-
ture in Figures 22 and 23. Both parent metal and simulated HAZ
conditions having received the rapid cool of 1200 F per hour display
minima in ductility of around 7 to 8 percent at 1400 or 1450 F (see
Figure 22). 1In contrast, when specimens were cooled from 2000 F
solution anneals at 100 F pef hour fairly constant elongation percents were
exhibited from 1000 F to 1500 F. This resulted in the slowly coocled
specimens providing better elongation values between approximately
1300 and 1550 F than the specimens which were rapidly cooled. At
temperatures below 1300 F, rapid cooling provided better elongation
values for parent metal and simulated HAZ specimens, respectively.
Reduction in area plots in Figure 23 also illustrate ductility minima
for the rapidly cooled specimens and fairly constant values for the
slowly cooled specimens. Flots in Figures 22 and 23 show that ducti-
lities were geaerally worse for HAZ compared to base material having
the same solution anneal and subsequent cooling rate.

Yield strengths for the various solution-annealed conditions are
presented in Figure 24. These plots of yield strengths may explain
the ductility behavior for the rapidly and slowly cooled conditionms.
Yield strengths of around 100 ksi which extended to 1300 ¥ show that
the slowly cooled conditions are partially aged. This has also been
illustrated by the electron microscopy investigations discussed in
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Section [X.1.5. The ductilities are therefore fairly constant over

this temperature range indicating that coarse precipitates cause uniform
deformation. At 1400 F and higher the yield strengths decreased and the
ductilities accordingly showed some improvement. Rapidly ccoled
specimens possessed yield strengths of around 85 ksi at temperatures of
1200 F or less. Maxima then occur in the yield strengths as the test
temperature is increased to 1300 F. This shows that the material
underwent some age hardening as the specimens were heated to test
temperatures. Rapidly cooled conditions showed good ductilities at

1300 F or less where the grains are not hardened. Grain matrixes then
strengthened with increasing age hardening causing the material t: fall
by an intergranular mode. This type of fracture mode has been identified
with the ductility minima near 1400 F (see Section IX.1.5). At tempe-
ratures of 1550 F or greater, yield strengths are markedly lower and the
ductilities vastly improved. ‘

Two zge-hardened specimens from each of the four solution-annealed
conditions in Table XIII were tested at 1200 F. Ductilities at this
temperature were approximately equal, displaying elongations of 15 percent,
for base metal regardless of the prior cooling rate from the solution
anneal. Aged simulated HAZ specimens showed elongations c¢f only 5 to
8 percent. Cooling rates from solution anneals again showed little
influence upon the 1200 F ductilities.

The important observation from these high temperature tensile
tests has been an imﬁrovement shown in ductility of both base metal
and simulated HAZ between 1300 and 1550 F as a result of slow cools
from solution anneals. Rapidly cooled specimens showed minima in
elongation of around 7 to 8 percent between 1300 and 1550 F. Slowly
cooled base metal and simulated HAZ showed elbngation values between
12 and 18 percent for this temperature range. Slow cooling rates
appear to increase the capability of Inconel 718 compoments to
accommodate stresses by relaxation and to reduce the magnitude of
residual thermal stresses formed. This would be beneficial when

a welded component ig cooled from a solution anneal.
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5. PREWELD IMMUNIZATION CHECK

A study which checked the possibility of a preweld conditicn
to reduce the susceptibility of PBF acoustic filter Unit No. 1 from

cracking during subsequent repair and heat treating was described in

Section VIII. The effects of am air cool and a 100 F per hour furnace cool

after a 1725 stress relief upon 1400 F tensile ductility were checked
to determine if the slow cool would be an effective preweld conditioner.

The information presented in Tablie XIV indicates the simulated
HAZ on the specimen slowly cooled from 1725 F showed better ductility
than the HAZ on the rapidly cooled specimen. Specifically, the air
cooled specimen, No. 37, had a reduction in area of 13.5 compared to
24.3 percent for specimen 45 which was cooled at a rate of 100 F
per hour. This indicated that HAZ would be more able to accommodate
relaxation strains to relieve welding stresses when heated to be
solution annealed. A 1750 F stress relief with a 100 F per hour cool
was therefore recommended as a preweld heat treatment'for the shell
and new material used in repairing PBF acoustic filter Unit No. 1.

Metallographic investigations showed that grain growth had not
taken place in the simulated HAZ on either the rapidly or slowly
cooled specimen. This is contrary to the grain growth normally
observed near actusl weldments. The grains were also surrounded by a
second phase which were probably carbides.

It is possible that the second phase pinned the grain boundaries
and prevented grain growth during the rapid expasures to 2250 F. The
thermal history responsibie for the formation of the second phase at
the grain boundaries is not known. It may be attributed to the 2 hour
1725 F etress relief plus 1325~1150 F duplex age or a combination of

the mill processes and the specific thermal cycle. This is possible

since various carbidea (MC and Msc), orthorombic Niaﬂb precipitates,
and Laves nhase (MzTi) are not completely dissolved at 1725 F.

53



10.

11.

12,

13,

IX. REFERENCES

G. R. Smolik, "Analyses of Failure which Occurred During Heat
Treatments of the Inconel 718 PBF Acoustic Filter" ANCR-117°
(October 1974).

T. F. Berry and W. P. Hughes, "A Study of the Strain-Age Cracking
Characteristics in Welded Rene' 41 - Phase 11", Welding Jourmal,
48 (November 1969) pp. 5053-5133.

E. G. Thompson, S. Nunez, and M. Prager, "Practical Solutions to
Strain-Age Cracking of Rene' 41", Welding Journmal, 47, (July 1968)
pp. 299503135,

R. W. Fawley and M. Prager, "Evaluating the Resistance of Rene' 41
to Straiwn-Age Cracking'', Welding Research Council, Bulletin No.
150 (May 1970) pp 1-12.

M. Prager and G, Sines, "A Mechanism for Cracking During Postweld-
ing Heat Treatment of Nickel-Base Alloys", Welding Research
Council, Bulleting No. 150 (May 1970) pp. 24-32,

D. F. Paulonis, S. M. Oblak, and D. S. Duvall, "Precipitation in-
Nickel-Base Alloy 718", Transactions Quarterly; American Society
for Metals, 62 (September 1969) pp. 611-622.

R, Cozar and A. Pineau, '"Morphology of Y' and Y" Precipitates and
Thermal Stability of Imnconel 718 Type Alloys", Metallurgical
Transactions, 4 (January 1973) pp. 47-59.

W. J. Boesch and H. B. Canada, "Precipitation Reactions and Stabi-

lity of N1 _Cb in Inconel Alloy 718", Journal of Metals, (October
1969) pp. 34-38.

J. F. Barker, £. W, Rosas, and J. F. Rodavich, "Long Time Stability
of Inconel 718", Journal of Metals, (January 1970) pp. 31-41.

E. L. Raymond, "Effect of Grain Boundary Denudation of Gamma Prime
on Notch-Rupture Ductility of Inconel Nickel-Chromium Alloys X-750

and 718", Transactions Met. Soc. of AIME, 239 (September 1967)
pp. 1415-1422,

P, 5. Kotval, "Identification of the Strengthening Phase in Inconel
Alloy 718", Trans. Met. Soc. AIME, 242 ( August 1968) pp. 1764.

H. J. Wagner and A. M. Hall, Physical Metallurgy of Alloy 718,
DMIC Report 217 (June 1965).

H. L. Eiselstein, Metallurgy of a Cclumbium-Hardened Nickel~
Chromium~Iron Ailoy, ASTM Spec. Tech. Pub. No. 369, (1965).

54



117

DIRECTION OF ROLLING

I

s mmennen

— IS 4‘/ t‘A IS 4/4 826
¢ | " ’ - *
o A AA | £ | |
I b
» B BB | F FF
~—— i RS e
d ] |
A - | .
ks | o e 3
d i 1
R D pp | y ,
2 - 7 '___
.
]
415 N

Fig. 1 Sectioning layout for one-inch thick Inconel 718 plate : Ht 83C2EK.



jo—— B :l.i D i-ﬂ—E——_t—E—-‘hB——-j
— " O S ! ; sy N R t
H é H F o T
Ui 3 g b }
R {__ Logran sfeten
A >
V‘P‘—so*ho‘

ROOT
RAOWUS-RR

Fig. 2 COMBINATION SMOOTH-AND-NOTCHED TEST STRESS-RUPTHRE SPECIMEN

AMS 5663 (Specimen type 5)

Center Gage C D, min E, min F H RR
Specimen Diameter G, inch inch inch inch inch inch
Number Inch
5 0.252 0.125 1.000 0.375 0.252 0.357 0.009
Tolerance +0.001 +.062 ~--- — +0.001 +0.003 +0.7"'5
56

S BPERTERY

TR TAT A LI el

SRATER UL



LS

Crack Ffront to be
‘I / ' located ot the cenfer
Kb , e ate.

Fig. 3 Orientation and location of tensile and impact specimens.



T 18 .
ol 3 RN
. ! H | l ! | l i
AL : B
N { i
I ' HUUUL
F
418 dimnenstiony in i{nches
Ri o ¢ i R4 (roﬁa:nLv
MENSIONS FORMEALY | (FORMERLY FORMERLY g
ot (twc 1) TYPE &) TYPE 4) IYPL &)
A-DIAMLTER AT CENTCR' 5|0-50540.0100.35720.00710.25220.00510.160£0.003|0.113£0.002
B-DJAHE TER OF GRIP END APPROK, q}l 1/2 3/8 5/16 1/4
C~LENGTH OF REOUCED SECTiOM, y
MIN, 2 2 1/4 13!4 11!4 3/a 5/8
D-CRIP LENGTH, ApPROX,3 / /8 /8 1%2 /e
FFILLET RADIUS, HIN, 3/8 0,25 0,18 0,15 0.0%
G-CAGE LENRCTH 23 Ze040.00 1.420,005 Te020.005] 0.0420,055] C.4520.80°
L=TOTAL LINGTM. APPROX. 5 1/2 312 3 2 15/
AREA GF CROSS SECTHON,
$Q IN., APPHOX. 1/= 1/10 1/20 1/58 1/100

1.

2.

3.

4.

DIAMETER UF THE REDUGCED SECTION HMAY BC SMALLER AT CENTER THAN AT ENDS,

EXCEED 1 PERCLNY OF DIAMETER AT CENTER.

DIFFERENCE SHALL NOT

WHEN AN ¢ XTENSOMEYER IS5 REQUIRED TO DEYLRMINE ELASTIC PROPERTIES, DIMENSIONS C AND L MAY BE
IN ALL CASES THE PERCENTAGE OF ELONGATION SHALL BE BASED ON

HODIF ILD TO PROVIOE THEHEFOR,
DIMENS{ON G,

ENUS MAY OE OF ANY SHAPE TO FIT THE HOLOERS OF THE TESTING MACHINE IN SUCH A MANNER THAT THE

LOAD {S AXIAL.

A GENEROUS FILLEY IS DESIRABLE.

Fig. 4 FIMS 151, Method 211.1 (RB) tensile specimen.

58



R i Bt

F
T ¥
l c D
[N S X
N i
OIMENSION . TOLERANCE INCHES TOLERANGE
. MM, ) (1NCHES)
M  J L) ) -~
A — CENTER 10 END i/z2 B - 1/2 sl -
B «~ LENGTH . 5.000 0 =2.50 2. 165 [} « 100
© - CROSS SECIION (UEPTH) 10.600 .025 025 .394 .001 .001
D ~ NOTCH 10 BASE 8.000 .025 «025 « 315 <001 «001
E ~ CHOSS SLCTION (WIDTH) 10.000 « 028 «025 «394 +001 « 001
F — RADIUS OF NOTCH °250 .025 o 025 «0i0 .001 .001
@ ~ ANGLE OF NOICH 452 pLUS OR MinuS 10
OUT OF SQUARE (OF CROSS SECTION) 0.00% INCH [N 0.394 INCH DR 0,152 (9 MINUTES)

Nore— Permissible vzsistions shall be as follows:

Adjacent sides shall be at
Cross-section dimensions
Length of specimen (L)

Centering of notch (L /2)

Angle of notch
Radius of notch
Dimensions to bottom of notch:
Type A specimen
Types B and C specimen
Finish requirements

Figz. 5 ASTM E-23

90 deg = 10 min

+0.001 in. (0025 mm)

+0. —0.100 in. (2.5 mm) .

+0.039 in. (1 mm). When an end- ing device is » 10 center the specimen
it the amsil. sec B.3, it is necessany that the notch be accurately centered 10 ensure
compliance with 4.2.1.

+1 dep
+0.001 in. (0.025 mm)

0.315 = 0,001 in. (8 + 0.025 mm)

0,197 = 0002 in. (5 = 0.05 mm) R

63 4in. (2 um) on notched surface and opposite
surfaces

face: 125 «int, (4 gm) on oiker two

(Type A) Charpy V-notch impact specimen.
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55 Lo v rr b bt 1t et trerid it et
0.1 0.2 03 0405 07 | 2 3 4 5678910 20 30 4050 70 100
Rupture Life {hr) ANC-A 3876

Fig. 6 Rupture life at 1400 F for solution-annealed 718 alloy with varying solution anneal
conditions.




19

90 | T T T 11T T T [ T TTTTI1 T T
' Heat: B3C2EK

Condition H

8%

—_ 80 Condition E
‘a
x Conditlon F
a
4
a TS5 —
b
o
s
< 70— ]
8
s
o5l |
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Fig. 7 Rupture 1ife at 1400 F for Inconel 718 solution annealed to varfous conditions follow-
ing a prior thermal history involving a 2000 F solution anneal, 1400-1200 F age, and a 1800 F
stress relief.
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. @ — condition B—2000 °F Sol'n Annaa! ~Slow Cool: 75 °F/ hr
Heat: 33C2EK
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Fig. 8 Stress rupture elongations resulting from initial stress levels at 1400 F on various
solution-annealed conditions.




£9

Reduction in Areo (%)
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lnconsl 718
Heat: 83C2EK
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(O -~— condition A— 2000 °F Sol'n Anneai —Fas? Cool: 900 °F/hr
@ — condition B— 2000 °F Soi'nAnneal —Slow Cool: 75°F/hr
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Fig. 9 Reductions in area for 1400 F stress rupture tests of various solution-annealed

conditions.
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Elongation (%)
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] | {

(O — Condition E — Recycled, 2000 °F So)'n Anneal ~ Cooled 900°F /hr
@ ——Condition F —Recycled, 20009 Sol'n Anneal ~Cooled 75°F/nr
O\ —— Condition G —Racycied, 1900 °F Sol'n Anneal —Cooled IBEC°F/hr
&\ — Condition H— Recycled, 1900 °F So1'n Anneal —Cooled 90 °F/nr

A
T T~
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90
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Initial Applied Siress {Ksi) aNC-a-3068

Fig. 10 Stress rupture elongations obtained at 1400 F for various solution-annealed condi-
tions which had received prior thermal cyciing.
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Reaction in Areq (%)
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Initial Applied Strass (Ksi) ' ANC-a-3888

Fig. 11 Reductions in area for 1400 F stress rupture tests for various solution-annealed

conditions which had received prior thermal cycling.
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Fig. 12 Fracture of Inconel 718 1400%F stress rupture. speci-
men A-6 showing an intergranular crescent shaped origin. The
fracture mode of this specimen stressed at 90 ksi is charac-
teristic of specimens rapidly cooled from solution anneals

and tested at stresses of 70 ksi or greater. 10X

Fig. 13 Scanning electron fractograph displaying intergranular
cracking and fracturing at fracture origin of stress rupture

specimen A-6 tested azt 90 ksi. The grain boundaries are ver_g0
smooth. X



Fig. 14 Dimpling as indicated by the arrows may be observed
on many grain boundaries at the intergranular origin of a

stress. rupture specimen cooled from a 2000°F solution anneal
at a rate of 759F per hour. This specimen identified at B-5
was stressed at 88.5 ksi at 14000F, 65X

Fig. 15 Extensive dimpling observed on grain boundaries of

stress rupture specimen A-11 cooled from Z000OF at a rate of

900°F per hour then tested at 14000F at a stress of 60 ksi.
325X
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Fig. 16 Microstructure il]ustfating»banding in Inconel 718
(Heat 83C2EK) cooled from a 2000°F solution anneal at a rate
of 75°F per hour (condition B). Etchant No 1 500X

Fig. 17 SEM micrograph showing the precipitates in the band-
ed structure of Inconel 718 (Heat 83C2EK§ heat treated to
condition B. Precipitates at the top of the micrograph re-
present those in the light colored bands of Fig. 16. Pre-
cipitates were not distinctly resolved in the dark bands.
Etchant No. 1 4200%
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18a. Replication of the p011sheg and etched m1cr05tructure
for Heat 83C2EK cooled from 2000°F at a rate of 900°F per
hour (condition A). Etchant No. 2 15,000X

18b. Polished and etched microstructure shown by a TEM rep-
1ica for Heat 83C2EK cooled from 2000°F at a rate of 759F
per hour (condition B). Etchant No. 2 15,000%

Fig. 18 Effects of cooling rate upon Inconel 718 microstructures observed
by TEM replication processes.
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Fig. 19 Hardness curves for heat 83C2EK of Inconel 718 cooled from 2000 F at a rate of 75 F

per hour and aged.
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Fig. 20 Hardness curves for heat 87COEK1 of Inconel 718 cooled from 2000 F at a rate of 400 F
per hour and aged.
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Fig. 21 Effects of cooling rates upon the rupture ductility of solution-annealed PBF acoustic
filter shell material.
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Fig. 22 Plots of percent elongation versus tensile test temperature Vv solution-annealed

base metal and simulated HAZ of Inconel 718, heat B3C2EK.
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Fig. 23 Plots of reductions of area versus tensile test temperature for solution-annealed
base metal and simulated HAZ of Inconel 718, heat 83C2EK.
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Fig. ¢4 Yield strengths as & function of test temperature for solution-annealed base metal
and simulated HAZ of Inconel 718, heat B3C2EK.



