
493
FORM ANC-1917

(10-71)

TECHNICAL REPORT N O . .
OATE February 24, 1975

,„•• 44022-330-302

TECHNICAL REPORT

Thu lepott waj
sponsored by (he

NOTICE
prepared »i
United Sui

lh« United S(«e* mil (hi;

»n accnun
* tkircinmc
United SU

of wink
ni Nciihei
« Eneigy

Research and De«lnptwnt Ail mi nil Ira I ion, nut any uf
theii employed. nut *ny
subcontractor*, or fhcit er
warnniy. e«picu
liability or tespun

or trnvbed
nbihiy fui the

uf usefulnexs of iny infurnatio
proceii disclosed.
infringe privately

o; icpicMnl
••TICJ rigtiti.

or their c
nployees. n

01 issume
iccuncy.ee

n, apparatus
(lut its tue

tiniracturi,
ukes my

any legal
mptcirntn
product or
would nut

HEAT TREATMENT VERSUS PROPERTIES STUDIES ASSOCIATED

WITH THE INCONEL 718 PBF ACOUSTIC FILTERS

O

G. R. Smolik/W. G. Reuter

AUTHORS

CHECKED B Y : . APPROVED BY:

W. G. Reuter

Section Supervisor

D. D. Keiser

Branch Manager

E N G I N E E R I N G D I V I S I O N

AEROJET COUPANY

R E C E I V E D

DISTRIBUTION OF THIS DOCUMENT f S w f



ACKNOWLEDGMENTS

The authors wish to thank the personnel of the Metallurgy and

Hot Cell Branch of Aerojet Nuclear Company and the Peabody Testing

Division of Magnaflux in Los Angeles for performing the mechanical

tests.

The scanning electron microscopy was performed at the EBR-II

Project at Argonne West. The authors wish to thank the staff for

permitting the use of Argonne's equipment and M. H. Williamson for

operating the microscope and providing the very fine fractographs.

D. V. Miley of the Materials Technology Branch is credited for

providing the electron photomicrographs of replicas.

The manuscript has been typed by E. Summers, whom which the

authors express their appreciation.

ii



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-

havdened 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 yeild strength for the slowly cooled material. Prior

thermal cooling 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 PB?

acoustic filters. The original failure occurred in Unit No. 1 during

its aging cycle (Ref. 1). The filter had been solution annealed at

2000 F and cooled at a rate of 1200 F per hour to 1000 F and thereafter

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 pas»ed near a fillet weld on the trunnion-shell

interface, through two 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 thermal stresses 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 cycling,

solution anneal temperatures, and cooling rates from the

solution 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 87COEK1 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 ot 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 and VIII.



II. CONCLUSIONS

The information gar.£i6';et ir.-.c these ;,ti:iies 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 to 1860 F per hour to a furnace cool of 100 F

per hour.

The 1400 F stress rupture elongations for Inconel 716 base

material (heats 83C2EK and 87COEK1) was 20 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 Tensile Test Results

Base metal of heat 83C2EK slowly cooled (100 F/hr) from a 2000 F

solutioti 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 effect also existed from the slow

cooling rate when the solution anneal was preceeded by a two or three

second thermal cycle to 2250 F to simulate a HAZ. This better ductility

indicates that welded cooponents of Inconel 718 would have a reduced

tendency to crack when slowly cooled from solution 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 preweiJ

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 roou. 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 cooling

rates.



A modified lower temperature age consisting of 4 hours at

1325 and 16 hours at 115'J F was established which provided a 145 ksi

room temperature yield strength for heats 83C2EK (gusset material) and

87COEK1 (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 87COEK1 solution annealed at 2000 F and cooled at rates of

1200 and 400 F per hour then duplex aged at (1400-1200 F) and (1325-1150 V)

respectivelys 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. Room Temperature Impact Properties

Heat 87COEK1 (shell material) having received the 400 F per hour .

cool and (1325-1150 F) age possessed the best room temperature impact

resistance of 60 ft-Ib. Material cooled at rates of 100 and 1200 F

per hour, respectively, and aged with the (1325-1150 F) and (1400-1200 F)

treatments showed iiapact values of 51 and 41 ft-lb.



III. RECOMMENDATIONS

The results of these studies have promoted the following

recommendations in the PBF acoustic filter program.

(1) 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 also pfovide

improved ductility between approximately 1300 to 1500 F.

(2) 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 2000 F solution anneal outlined in the preceeding

recommendation. This would provide the required 145 ksi

room temperatui-e yield strength,

(3) New material used in repairing the PBF acoustic filter Unit

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

by a 100 ± 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 anneal.



iy. MATERIAL DEGRADATION TESTS (HEAT 83C2EK)

This program was planned to develop 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

kai for the 0.2% roora 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 No. 1

had experienced the following hear treating cycles: a 1800 F

stress relief, a 2000 F solution anneal with a 1200 F per

hour cool to 1000 F and a 100 F per hour cool to ambient

temperature, a 1400-1200 F duplex age, and finally a

1750 F stress relief followed by a 100 F per hour cool to

ambient temperature.

(b) Two solution anneal temperatures - 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 solution anneal cycles - One of

these rates, 1200 F per hour, represents the cooling condi-

tions applied to Unit No. 1 and the other cooling rate of

100 F per hour represents the furnace cool proposed to

reduce thermal stresses.

The test matrix for this program involved testiBg three (3)

room temperature tensile and three (3) room temperature Charpy V-notch

Impact specimens which had been age-hardened from each of the above eight

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 ana testing procedures are detailed in the experimental

procedures in Section IV.2.



1. MATERIAL IDENTITY AND REMOVAL

The specimens for this teat program were prepared from excess

material used for fabricating the gussets on the PBF acoustic filters.

The heat identification for gusset material, 83C2EK, and the chemical

I composition per mill 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.

Sections were initially cut from the 1-inch by 31-inch by 17-inch

plate with a band saw as illustrated in Figure 1. These sections were

identified as shown and heat treated to thi» conditions listed in

Table II.

TABLE I

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

Heat
87COEK1
JVBJ-ESR

Satefiai

83C2EK
VIM-ESR
Gusset
Material

2180-2-9247
VIM-VAR

VIM -

0.07 0.011

Mo
3.05

J
0.06

Mo
2.93

M
0.55

P_
0.006

Al
0.68

0.007

j3
0.007

Ti
0.98

Sj.
0.26

Cr Hi
18.00 54.14

0.20

Cr Ni
18.55 53.69

Cu
0.02

Si
0.17

Cr Ni
18.80 51.07

0.04

Fe
17.55

Co
0.03

Fe
17.37

Co
0.25

Is.
Balance

induction melted VAR - Vacuum arc melted

ESR - Eiectroslag remelted

Mn
0.10

Mn
0.12

Mn
0.13



TABLE II

HEAT TREATMENTS FOR THE MATERIAL DEGRADATION STUDIES Cheat 832C2EK3

CYCLE I Sections A, Bt C, D, E, F, G, H and * ate to be stress relieved
at 1800 F.

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

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

Sections E, F, G, H and * are to be stress relieved at 1750 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, F, and * are to be solution annealed at 2000 F and
cooled at a rate of 100 F per hour to 1000 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.

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

CYCLE 9 Sections AA, BB, CC, DD, EE, FF, GG, and HH are to be duplex aged
at 1400 F for 10 hours and 1200 F for 8 hours.

NOTES:

(1) Solution 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 solution anneal and stress
relief temperatures for (1) hour * 5 minutes. The tolerances
for the aging times shall be i 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 Sections

The sections 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
+25and stress relief shall be " F .

(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 configuration

and dimensions for this stress rupture specimen are given in Figure 2.

A single tensile specimen was removed from each of the eight

plates adjacent to the stress rupture specimens. These specimens were

standard one-quarter inch diameter samples per FTMS 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 FTMS 151, Method 211.1 tensile

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 places. 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 configuration, 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 ASTM 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

t,*sts were initiated. The samples wer« strained at a rate of 0.005 min

to just beyond the yield point and thereafter at a rate of 0.05 min"1.

The Charpy V-notch impact specimens were tested at room temper-

ature according to ASTM Method E-23=

10



The stress rupture teats 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

inserted into the furnace. Three thermocouples wired to each specimen

were used to record its temperature. The specimen temperature was

recorded immediately after insertion into the furnace in addition 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.1 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

samples were then polished with 9 micron diamond on nylon cloth. A

final polish was attained using 0.3 micron alumina abrasive on a

Syntron. Various etchants were used and are identifier! throughout

this report as follows:

Etchant No. 1: composition - 25 gr Cr(>3, 7 ml H2O, and

130 ml acetic acid

method - electrolytic

Etchant No. 2: composition - 5 ml chromic acid (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-

11



annealed material were also checked. In this latter case, the samples

were prepared by the process described for light microscopy.

Etchant No. 2 was used to reveal the microstructure.

Transmission electron microscopy was applied as a means 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 samples

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 Wo. 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 t i l

M M THFEUTUXE TEXSILE DATA FOR HEAT 33C2DC OF INCONEL 718

But
Trwtaent Cycl;- 0.21 Yield Ultimate Tcnsll* 7. Red.

Sp«cl—n (Fra» T«bl« I) Str«t«. fc»l Strength. k«l i Elong In Arg«

AA ' 1 1. S. 149 192 20 25
2 «nd 152 193 20 26
3 9 151 194 19 25

150 192
148 191
150 193

128 It?
127 116
128 189

127 187
129 187
132 1*9
156 193
156 195
156 195
157 194
1SS 194
158 194

US 181
125 IK
125 114

128 185
130 185
129 183

Cydt 1 - 18Q0T acres* relief c»el« 5 - 20Q0JF S.A.: 90n F/br cool
Cycle 2 - 2000 F jolution asnesl CyeU 6 - 2000 F S.A.: 75 F/hr ecol
Cycle 3 - 1400-1200 T duplex «g« CyeU 7 - I W 7 S . A . : I860-F/hr cool
Cycle « - I7S0 F utrcjj relief CjeU 8 - 1W0F S.*.: 90 F/hr eeol

Cycle 9 - 1400-1200 F duplex «g«

12

EE -

BB -

FF -

CC -

CC •

DD -

I1U -

1
2
3
1
2
3

1
2
3
1
2
3

1
2
3

1
2
3
1

3

1-5
and
9

1 , «
ud
9

1-4. 6
end
9

«od
9

1-4, 7
•ad
9

1. •
•fid

9
J~4. 8

•ad
9

20
18
17

17
15
17

17
18
It

IS
15
16

17
15
16

11
U
16

14
12
13

23
24
23

19
20
21

22
22
21
19
19
19

IS
20
10

13
17
20

16
15
IS



The roou1 temperature Charpy V-notch impact values for the

corresponding 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 cycles specified are described in Table II and listed

after Table IV.

TABLE IV

ROOM TEMPERATURE CHAKFY V-NOTCH IMPACT TEST DATA
FOR INCONEL 718, HEAT 83C2EK

Heat
Treatment Cycles Energy , Lateral

Specimen (from Table II) Absorbed, ft-lb 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 - 5:0 1, 6 23.0 .013
21 and 22.5 .013
22 9 22.5 .013

FT - 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 19.5 .013

DD - 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 solution anneal Cycle 6 - 200CF S.A.: 75 F/hr cool
Cycle 3 - 1400-1200'F duplex age Cycle 7 - 1900 F S.A.: 1860 F/hr cool
Cyclt * - 1750 F stress relief Cycle 8 - 1900nF S.A.: 90 F/hr

Cycle 9 - 1400-1200*F duplex age

13



Results for the 1400 F tensile tests for the solution-annealed

conditions are shown in Table V. All samples have received the initial

1800 F stress relief. The subsequent heat treat cycles, No. 2 through

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

TABLE V

1400 F TENSILE TEST DATA, ISCQNEL 718 HEAT 83C2EK

Specimen

A-4
A-4*
B-4
C-4
D-4
E-4
E-4*
F-4
G-4
H-4

Beat
Treatment Cycles
(from Table It)

1. 5
1. S
1, 6
1. 7
1. 8
1-5
1-5
1-4, 6
1-4, 7
1-4, 8

•Duplicate test

0.2t Yield
Stress, ksl

92.6
95.1
92.8
82.9
92.6
101
98.1
94.0
73.2
92.8

Ultimate Tensile
Strength, ksi

111
114
112
92.4
104
112
116
105
80.4
106

X Elong.

5
8
IS
7
23
5
7
14
a
11

Z Red.
In Area

7
10
14
8
25
11
9
13
9
15

Cycle 1 - 1800 F stress relief Cycle 5 - 2000 'F S.A.: 900 F/br cool
Cycle 2 - 2000 F solution anneal Cycle 6 - 2000 F S.A.: 75 F/hc cocl
Cycle 3 - 1400-1200 F duplex age Cycle 7 - 1900 T S.A.: 1860 F/hr cool
Cycle 4 - 1750 F stress relief 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. It also identifies

those specimens which failed in the notch. The heat treat cycles are

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

14



TABLE VI

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

Sped!

A-5

A-6
A-7
A-8

A-10
A-ll
A-12
A-13

•B-5
B-6
B-7
B-G
B-9
B-10
B-ll
B-12
B-13
B-14

C-5
C-6
C-7
C-8
C-9
C-10
C-ll
C-12

Heat
Treatment Cycles Stress Spec. Temp, at

en (from Table II) Level, ksl Insertion. F

1. 5

1, 6

1, ̂

100

90
79
79
70
70
60
60
60

80.5
79
79
70
70
€0
60
60
60
55

79
70
70
60
60
60
60
79

700

870
780
850
770
850
700
800
750

750
650
900
800
800
740
600
700
670
650

700
900
820
870
780
770
8S0
750

Time:

(WOO F)

0.6 to

0.5
0.6
0.9
1.2
1.0
1.0
1.4
1.2

1.1
0.6
0.8
0.6
0.7
1.5
1.3
1.1
1.0
1.3

0.9
1.0
1.2
0.9
1.3
1.2
1.0
0.8

Hours
to
- Failure

failure

0.8
1.9
2.5
6.4
5.5
24.1
25.5
24.9

1.3
2.4
2.4
8.'*
9.3

46.9
14.3
13.2
17.4
39.1

1.7
9.1
7.8
34.1
20.2
19.9
18.7
1.3

Temp, at
Failure, F

1370

1400
1400
1400
1400
1400
1400
1400
1400

1400
1400
1400
1400
1400
1400
1400
1400
1400
1400

1400
1400
1400
1400
1400
1400
1400
1400

Z ElonR.

3

4
4
4
5
3
12
10
13

19
20
19
21
14
15
18
18
20
15

6
25
17
21
27
16
17
8

X Red.
in Area

(failed in
the notch)
17
12
12
7
15
20
19
22

25
29
34
30
27
24
25
29
28
27

17
29
20
38
36
34
36
12



TABLE VI (CONT.)

Specimen

Heat
Treatment Cycles
(from Table II)

D-5
D-6
D-7
D-8
D-9
D-10
D-ll
D-12

E-5
E-6
E-7
E-8
E-9
E-10
E-ll
E-12
E-J.3

F-5
F-6
F-7
F-8
F-9
F-10
F-ll
F-12

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

G-9

1, 8

1-5

1-4, 6

1-4. 7

Stress
Level, ksl

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

Spec. Temp, at
Insertion, F

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
850
700
730

inn

Time:

(1400 F)

0.7
1.0
1.1
2.0
1.0
0.9
1.0
0.6

0.6
0.9
0.7
1.1
0.4
0.9
0.5
0.7
0.8

1.2
0.9
1.1
0.6
1.0
1.0
1.1
1.0

0.9 to
0.9
1.2 £O
0.6 to

n a

Hours
to
- Failure

1.1
2.2
1.8
5.2
4.1
13.3
14.4
16.2

0.6
2.1
12.4
10.0
40.8
23.6
24.8
26.8
2.4

1.4
2.0
1.8
9.3
5.7
22.4
19.9
22.2

failure
0.9

failure
failure

0 7

Temp, at

Failure, F

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

Z ElonR.

34
35
30
25
25
24
25
22

8
3
8
5
10
13
14
13
5

18
22
17
20
25
14
17
17

9
6
6
1

6

Z Red.
in Area

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)
12



TABLE VI (COHT.)

Specimen

Heat
Treatment Cycles
(from Table II)

G-10
G-ll
G-12

G-13
G-14

G-15

H-5
H-6
H-7
H-8
H-9
H-10
H-ll
H-12

1-4, 7

1-4, 8

Time: Hours
Stress Spec. Temp, at to

Level, ksl Insertion. F (1400 F) - Failure
Temp. at
Failure, 7 X Elong.

60
60
60

60
79

70

88.5
79
69
70
70
60
60
60

870
850

630
830

800

800
870
850
800
900
650
700
730

0.7 23.7
0.7 19.7
Broke in the
threads
1.1 24.5
0.8 to failure

0.9

1.0
0.9
0.9
0.6
0.8
1.2
1.0
0.7

1.8

1.2
2.7
2.7
8.4
8.1
16.1
17.1
17.9

1400
1400

1400
1370

1400

1400
1400
1400
1400
1400
1400
1400
1400

18
17

18
3

18
24
29
25
17
21
18
19

Z Red.
in Area

27
17

22
(failed in
the notch)
13

25
27
27
33
32
29
34
33

Cycle 1 - 1800 F stress relief
Cycle 2 - 2000 F solution anneal
Cycle 3 - 1400-1200°F duplex age
Cycle 4 - 1750 F stress relief

Cycle 5 - 2000 F S.A.:
Cycle 6 - 2000 F S.A.:
Cycle 7 - 1900 F S.A.:
Cycle 8 - 1900 F S.A.:

900 F/hr cool
75 F/hr cool
1860 F/hr cool
90 F/hr cool



V. MODIFIED AGING STUDIES

The material 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

strength for Inconel 718 when furnace cooled at rates of 100 F and

400 F per hour. The 400 F par hour cooling rate was included 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 then 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 SOURCE

This study employed two different heats of material The initial

study utilized samples from heat 83C2EK. This was the heat used for 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 represented 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 cooled at a rate of 400 F per hour from a 2000 F solution

anneal. This material was removed from the failed section of PBF

acoustic filter Unit No. 1. The chemistry for this heat of material

identified as 87COEK1 is 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 described in Section V.I. These

pieces were sealed in heat treating bags after being purged with argon

and aged according to Aging Schedules I and II shown below. The heat

treatments were performed in a resistance heated laboratory furnace

which controlled within _F of the desired aging temperature.

AGING SCHEDULE I

Samples per
Package for
Step *1

5

5

3

5

3

3

Step 91
1400 F

(Removal time)

2 hr

4 hr

8 hr

10 hr

16 hr

24 hr

..A.hr

4 hr

4 hr

Step i2

m& Ilk.

8 hr

8 hr

8 hr

8 hr

8 hr

16 b<-

16 hr

16 hr

16 hr

16 hr

16 hr

30 hr

30 hr

30 hr
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AGING SCHEDULE TX

Samples per
package for

5

5

3

5

3

3

Step #1
1325 F

(Removal time)

2 hr

4 hr

8 hr

10 hr

16 hr

24 hr

4

4

4

-

Times

hr

hr

—

hr

8

8

8

8

8

8

at

hr

hr

hr

hr

hr

hr

Step S2
1150 F Aging Step

16 hr

16 hr

16 hr

16 hr

16 hr

16 hr

30

30

—

30

-_.

hr

hr

—

hr

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 atf 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 polished following the aging cycles.

Approximately 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

Re values of 45.1 ± 0.1. These checks taken near the beginning,

middle, and end of hardness measurements showed the following values:

lsjb 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

Combination 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

lb. 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 Re 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 measurements.

TABLE VII

Re HARDNESS VALUES DEVELOPED FOR HEAT 83C2EK OF INCONEL 718 COOLED
| _ • AT A RATE OF 75 F PER HOUR FROM 2000 F AND AGED

1
Cb
O
o

Initial

2 hrs

4 hrs

8 hrs

Hardness

37.0

36.9

37.8

37.5

Time

4 hrs

/at Second Agjing Step (1200 F)
30 hrs

38.6

38.2

8 hrs

38.5

38.8

38.5

16 hrs

38.8

38.5

39.8

40.7

41.2

10 hrs 35.4 37.3 37.8 39.2 40.6

16 hrs

j \ 24 hrs
H"

35.4 37.3 38.5

36.6 37.6 38.1

Time at Second Aging Step (1150 F)

Initiel
V?1t«.

2 hrs

4 hrs

. 8 hrs

10 hrs

16 hrs

24 hrs

Hardness

37.0

38.7

38.7

38.5

38.0

38.7

38.5

4 hrs

38.7

39.0

39.3

8 hrs

38.2

38.0

38.2

38.7

39.3

38.8

16 hrs

39.7

40.2

39.9

39.8

39.7

39.9

30 hrs

40.2

40.9

40.5
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TABLE VTII

Re HARDNESS VALUES DEVELOPED FOR HEAT 87COEK1-OF INCONEL 718 COOLED
AT A RATE OF 400 F PER HOUR FROM 2000 F AND AGED

Time at Second Aging Step (1200 F)

a
0

u

«

[n
it

u
S

*-i

H

Initial
Value

2 hrs

4 hrs

8 hrs

10 hrs

16 hrs

24 hrs

Hardness

34.6

36.7

36.9

37.1

37.6

37.2

36.9

4 hrs

39.3

40.8

39.8

8 hrs

40.0

41.1

41.5

41.5

40.2

40.4

16 hrs

40.3

41.2

42.6

41.4

41.8

41.4

30 hrs

42.1

41.7

42.4

Hardness

Tiw at Second Aging Step (1150 F)

4 hrs. 8 hrs. 16 hrs. 30 hrs.
Initial
Value

2 hrs 38.0 40.4 41.9 ..41.2 •&1.7-

4 hrs

8 hrs

10 hrs

16 hrs

39.1 40.4 40.8

42.1

39.1 40.6 41,7

39.4 41.5

24 hrs 40.4 41.2

42.3

42.4

42.3

42.S

42.5

.42.4

43.0

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 was selected for the material cooled at

400 F per hour. The stress rupture 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 PRO?ERTIES FOR SAMPLES STRENGTHENED WITH A
MODIFIED 1325-i!5O F DUPLEX ACE, HEAT 83C2EK OF INCONEL 718

U>

Cooling Rate From 0.2% Yield
Sample Solution Anneal Stress, ksi

BB5 100 F/hr 148*
BB6 100 F/hr 144
BB7 400 F/iu *
BB8 400 F/hr *

Ultimate Tensile
Strength, ksl

197
196
189
189

% ElonR.

16
17
24
24

7,
in
Red.
Area

14
17
27
27

* The yield strength was questionable or nondeeeminablc as a result of the
extensoneter slipping.



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

Tests were conducted upon material removed adjacent to che crack

In the shell of acoustic filter Unit No. 1. The purpose of these tests

was cwofold. To check the material properties at the location of

failure and to confirm the response of this heat of material, 87COEK1,

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 extensoroeter 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

material*:.

I. 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 preceeding

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 having 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 determined 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 cut 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 eawed into two

sections measuring 3 inches by 4 inches. These sections were inserted

into a resistance neated laboratory furnace operating at 1800 F. They
+25were then heated to 2000 _QF at a rate of 100 F per hour; held at

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

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 -F, held for ten
+15(10) hours, cooled to 1200 _QF 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
+25

Z.F 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 nF, held for four (4) hours,
+15cooled to 1150 __F at a rate of 100 F per hour, held for an additional

sixteen (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.

These one-quarter inch diameter specimens were prepared per Figure 8 of

ASTM E-8. 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 proceeding paragraph. In addition, three (3) impact specimens

were prepared fror, each of the aged conditions. These were Charpy

V-nocch specimens per ASTM E-23 (Type A ) . The specimens were

aligned longitudinally with che place and She notches directed through

che thickness of the plate. The root of the notches were located ac

che center of the plate thickness.

The stress rupture specimens were tested at 1400 F ac stress

levels of 79, 70 and 60 ksi. They were inserted into a furnace

operating at 1400 F and then loaded within five minutes. Three thermo-

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 impact 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 RUPTURE PROPERTIES FOR S0UJT1ON-ANNKALED
CONDITIONS FOR HEAT 87COEK1 OF INCONF.l. 71H

Specimen

FS1
FS2
FS3
FS4
FS5
FS6

FIT
FI2
FI3
FI4
FI5
FI6

FA1
FA2
FA3
FA4
FA5
FA6

Thermal Treatment

Solution annealed
at 2000 F; cooled

Solution annealed
at 2000°F; cooled

Stress
Level, ksi

79
70
70
79
60

Tensile Test

79
70
70
79
60

Tensile Test

79
70
70
60
60
60

Cooling rates: (FS)-IOO F/hr ,

Spec. Temp, at
Insertion, F

700
500
810
700
700

675
725
750
750
690

0.21

800
830
770
950
800
800

(FI)-40O F/hr .

Time: 1
to

tours

(1400 F)-Failure

1.0
1.9
1.0
1.3
0.9
Y.S. - 95

1.3
0.9
1.2
0.8
0.8
Y.S. - 87

0.7
0.9
0.7
0.6
0.6
0.8

(FA)-1200

3.9
11.4
9.3
3.6

29.3
ksi

2.2
8.7
8.4
1.4

26.0
ksi

0.7
5.3
2.8

31.1
30.0
28.2

F/hr

Temp, at
Failure, F t

1400
1400
1400
1400
1400

U.T.S-HO ksi

1400
1400
1400
1400
1400

U.T.S.-103 ksi

1400
1400
14G0
1400
1400
1400

Siong.

19
22
23
25
22
14

8
25
21

5
23
10

5
9
5

25
23
25

X Red.
in Area

26
29
30
29
32
18

14
28
20
16
28
16

19
13
10
27
31
34



TABLE XI

ROOM TEMPERATURE TENSILE PROPERTIES FOR ACE-HARDENED
CONDITIONS OF HEAT 87COEK1 OF INCONEL 718

Specimen

FS7
FS8
FS9

FI7
FI8
FI9

FA7
FA8
FA9

Thermal Treatment

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

So Ifit ion annealed at
20QO°F; cooled; aged
10 hr at 1400 F plus

0.2* Yield
Stress, ksi

143
145
146

150
158
157

154
160
153

Ultimate Tensile
Strength, ksi

199
201
202

195
196
196

205
202
201

X ElonR.

20
20
20

25
24
24

18
17
18

% Red.
in Area

31
29
29

36
33
35

25
23
24

Cooling rates: (FS)-iOO F/hr, (Fl)-«0O F/hr, (FA)-1200 F/hr

.xrt
1

Specimen

FS10
FS11
FS12

FI10
Fill
FI12

FA10
FA11
FA12

MOM TEMPERATURE IMPACT
CONDITIONS OF HEAT

Thermal Treatment

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

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

PROPERTIES
87COEK1 OF

Energy
Absorbed, I

49.
51.
53.

59.
60.
61.

40,
40,
44,

Cooling rates: (FS)-IOO F/hr

0
5
5

0
,0
,0

,0
.5
.0

FOR ACE-HARDENED
INCONEL 718

Lateral
Et-lb Deformation (inch)

0.027
0.028
0.029

0.031
0.032
0.032

0.017
0.020
0.013

, (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 Rene1 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' 41. 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

developing at grain boundaries. In contrast, coarse precipitates will

cause homogeneous intragranular slip and a reduced cracking tendency.

These studies have led to the utilization 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 represent 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 83C2EK

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 atepa would obscure any 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 to 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 study were given two different solution anneals.

In one case, ten C10) parent metal samples and ten C10) 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, ten

(10) parent metal samples plus eleven (11) simulated HAZ samples were

similarly heated to 2000 F and held for one hour. These samples were,

however, cooled from 2000 F to 1200 F at a rate of approximately

1200 F per hour.

Two samples from each of the four conditions were aged. 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 (16) hours at 1150 F. The

samples having experienced the more 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 furnace which controlled within ± 7.5 F. The samples

were placed in heat treating bags, purged with argon and sealed. The

cooling rates were maintained by controlling the furnace temperature.

Forced air 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 mln beyond the yield points and thereafter

at a rate of 0.05 in. per mln. 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 XIII

ELEVATED TEMPERATURE TENSILE DATA FOR INCONEL 718
SIMULATED HEAT-AFFECiED ZONE AND PARENT METAL SAMPLES, HEAT 83C2EK

Teat
Specimen Temperature.

BS7
ES6
HS1
HS3*
HS8*
HS2
HS4
HS9
HS10
HS5

PS3
FS1O
PS3*
PS4«
PS7
PS1
PS5
PS9

BF6
HF5
HflO"
HT11**
BF8
HF1
HF2
HF7
HF3
HF9
HF4

PF1**
PF2**
PF8
PF1O
PF3
PF5
PF6
PF4
PF9
PF7

1000
1100
1200
1200
1200
1300
1300
1300
1400
1500

1000
1100
1200
1200
1200
1300
1400
1500

1100
1200
120C
1200
1250
1300
1400
1400
1500
1550
1600

1300
1200
1200
1230
1300
1400
1400
1500
1550
1600

NOMENCLATURE:

F
0.2* Yield
Stress, fcsi

104
103
101
116
120
100
104
102
94
73

100
103
118
118
100
101
93
70

84
87
131
130
91
92
85
86
73.
61
46

130
129
78
90
90
86
80
71
63
45

Ultimate Tensile
StranEth, ksl

150
153
142
148
150
127
134
133
il4
80

158
159
151
155
152
138
103
81

108
120
157
159
121
124
98
103
85
65
47

159
158
118
127
122
98
110
83
67
46

2 Elong.

8
9
13
6
5
15
12
5
12
18

16
14
16
13
15
15
17
16

9
13
7
8
11
15
7
7
7
18
41

14
16
30
25
22
7
10
9
19
41

Z Red.
in Area

14
14
16
9
9
17
16
9
15
19

17
15
18
16
17
17
19
18

21
20
8
12
20
22
9
14
14
44***
56***

19
16
33
30
35
16
16
15
22
61

HS: Heat Affected Zones with 100 F/hr furnace cool from solution anneal
tereie-ature.

PS: P«t-_-.c Metal with 100 F/hr furnace cool from solution anneal
temperature.

HF: Heat Affected Zones with 1200 F/hr cool from solution anneal
temperature.

PS: Parent Metal with 1200 F/hr cool from solution anneal 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.
•*Azed at 1400 F for 10 hours plus 8 hours at 1200 F.
***Thoae specimens failed outside the simulated Heat Affected Zones.
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VIII. PREWELD IMMUNIZATION CHECK

Several authors have promoted the use of slow cooling rates

or overaged conditions ae a preweld condition to reduce postweld

heat-treat cracking in Rene' 41 (see Section VII). It was desirable

to check if 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 section was one inch. The specimens had been

stress relieved at 1750 F for 2 hours and then air 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 welding. 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

SIHULATED HEAT AFFECTED ZONE AND BASE HETAL TENSILE PROPERTIES
AT 1400 F FOR INCONEL 718. HEAT 2180-2-9247

0.21 Offset
Yield Strength,

fcsi

57.3

100.0

85.5

85.0

94.6

Tensile
Strength, ksi

100.3

113.0

115.1

122.6

116.2

Seduction
in Area, %

23.4

43.8

13.5

39.9

24.3

Specimen

-36 (2000 F, A.C.(1))

-38 (1725 F, A.C.(1))

•i7 (1725 F. A.C.(1), HAZ < 3 ))

-46 (1725 F, F . C . ^ )

-45 (1725 F, F.C.(2), HAZ(3))

(1) A.C. indicate* an air cool from the solution anneal

(2) Furnace cool was at a rate of 100 - 10 F per hour.

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

Light microscopy was used to check the microstructure of the

rapidly and slowly cooled base metal in addition to those of 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 resolved 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. MATERIAL 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 testr. Ceiling rates affected the 1400 F tensile proper-

ties in two ways. The yield and tensile strengths were less for specimens

rapidly cooled from 1900 F solution anneals (C and G). Conditions C and G

possessed yield 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

(sanples 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

conditions 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, C to D, E to F, 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. This data is

plotted and is shown in Figures 6 through 11. Figures 6 and 7 show

the rupture lives for these various solution-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 ksl.

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 condition 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. 1.3. 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 material 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. Specifically, conditions A and B represent materials solution

annealed at 2000 F. Condition A was cooled 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 possessed 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-

tion 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

C and D displayed similar elongation values; i.e., 21 percent for

condition C and 24 percent for condition 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

elongation values than condition A which was solution annealed at 2000 F

when stressed at 60 and 70 ksi. This shows that the lower solution

anneal 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 ductility expressed in terms of percent 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 F), and 2) better ductilities for 1900 F solution anneals than
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2000 F solution anneals whan 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 11. 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 10 for conditions E and F which re-

present materials having received prior thermal history and a 2000 F

solution anneal are very similar to the corresponding solution-annealed

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 thermal 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. In comparison the elongation 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 III. 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 HK) 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 1A00 F plus 8 hours at 1200 F. Yield strengths ranged from 148

to 158 ksi for the rapidly 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 from 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 consistently effected by

the solution anneal temperature. Yield stresses were slightly greater

for rapidly cooled specimens solution annealed at 1900 F rather than

2000 F. The average yield stress was 156 ksi when solution annealed

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 900 F per hour. This trend was reversed for specimens

cooled at rates of 75 and 90 F per hour. The yield strengths were

125 and 128 ksi (see specimens DD and BB), respectively, for 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 compared 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 having

received the same solution 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



approximately 130 ksi for these conditions was unsatisfactory in re-

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

solution annealing to 2000 F rather 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 solution anneal, age and stress

relief will not impair base metal room temperature tensile properties.

1.4 Room Temperature 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 plus 8'hours at 1200 F as

outlined in Table II. A comparison shows impact values of 26 ft-lb

for specimens rapidly cooled from 2000 F solution anneals (AA) and

values of 18 ft-lb for samples solution annealed at 1900 F and

simllarily cooled (CC). The samples of conditions BB and DD show a

similar trend. These slowly cooled samples had impact values of 23

ft-lb and 18 ft-lb, respectively, for 2000 and 1900 F solution

anneals. The higher solution 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-

lb compared with 18 ft-lb obtained for GG. A comparison of samples FF

and HH which were slowly cooled showed that 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 cases. Compare the 23 ft-lb average for the BB

specimens with the 26 ft-lb average for the FF specimens. Samples CC

and GG show this same trend of 18 and 20 ft-lb. 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-lb

reported for the GG to those of 26 ft-lb for AA and 23 ft-lb for BB.

This indicated that grain size is not the controlling factor.
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The microstruetural 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-lb. Samples designated as BB and FF were also

solution annealed at 2000 F but cooled at a rate of 75 F per hour.

Values for BB were slightly lower, 23 ft-lb, but those for FF were

equal to the 26 ft-lb 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 Microstruetural and Fractographic Findings

The fracture surfaces of failed 1400 F stress rupture specimens

were examined with a table microscope and a scanning 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 distinct 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 mode 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

conditions at levels of less than 70 ksi. Figure 15 illustrates the

dimpling which occurred on specimen A-ll. 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.

Hetallographic 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 scraning 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 colored 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 transmission

electron microscopy on replicas taken from polished and etched samples.

Conditions A and B represent heat 83C2EK cooled 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 there are three forms of precipitates

43



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.

Inc.onel 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-centered-cubic precipitate

of Ni_ (Al, Ti) which is coherent with the matrix. Inconel 718, how-

ever, can undergo a process which involves three different phases.

There is a face-centered cubic (fee) coherent precipitate which is

generally associated with temperatures below 1200 F. This phase rich

in aluminum and titanium has been reported to have a round or cubic

shape . Between 1200 and 1600 F a coherent body-centered-tetragonal

(bet) phase is observed which is rich in niobium. This phase often

shown as Ni Nb and referred to as gamma double prime (IT") has been

reported as having disc-shaped or platelet forms (Ref. 6, 7, 9-11).

Paulonis, et al , and Cozar and Pineau have reported these pre-

cipitates to coarsen to diameters of over 3000A0. The times reported

to cause Y" growth to 3000A0 at 1400 F was 100 and 500 hours, respectively.

The bet V" precipitate is metastable.- It will transform to Ni3Nb which

has an orthorhombic structure. This orthorhombic phase has been re-

ported as appearing as large platelets (Ref. 9, 12 and 13). In fact,
(12)

Wagner and Hall have referred to it as having a Widmansfcatten

pattern. The ratio of Ti + Al/Nb has been shown to influence the extent

of T or Y" precipitation^7* .

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)Tf' and

(bct)y, 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 V reported by Paulonis, et al/ , and

Cozar and Pineau . 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 cooled. 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 in Section VII. It also agrees with the proposal

of Prager and Sines - in that coarse precipitates will cause homo-

geneous intergranular slip and result in a reduced cracking tendency.

2. MODIFIED AGING STUDIES

In an investigation to improve 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 ? (A),

4 (B) and 10 (C) hours at 1400 and 1325 F are then plotted with respect to

the times aged at the second stages of either 12Q0 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 87COEK1 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 Re 37. The material hardened to between Re 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 Re for the higher temperature ages and from

39.7 to 40.2 Re for the lower temperature ages for exposures limited

to 16 hours at the second aging step. The recorded hardness values

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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Tie initial hardness of heat 87C0EK1 cooled at a rate of 400 F

per hour was 34.6 Re. 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. Re 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 Re hard-

ness was consistently greater than 42 whereas those aged at 1400--1200 F

were generally below Re 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 87C0EK1 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 Re 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 samples 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 satisfied since the hardness was better than the samples

cooled at a rate of 75 F 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 BS, FF, DD, and RH

in Table III which represent the same heat and similar cooling rates.

This heat having the same solution anneal and a similar cooling rate

showed a hardne&3 of 40.2 Re 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 OH
ACOUSTIC FILTER MATERIAL (HEAT 87COEK1)

3.1 1400 F Stress Rupture Properties of Solution Annealed Acoustic

Filter Material

1400 F stress rupture data for heat 87COEK1 cooled from

2000 F solution annealed at rates of 100, 400, and 1200 F per hour

are listed in Table X. The rupture ductility in terms of the percent

elongation is plotted with respect to the initial applied stresses 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 to values of over 20 percent at 70 ksi. Lower-

ing the cooling rate to 100 F per hour caused an additional increase

in ductility. 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. This improvement in stress rup-

ture ductility with progressively slower cooling rates for heat
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87COEK1 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 87COEK1. This observation

of reduced rupture life with rapid cooling rates agrees with the

observations of conditions C and G from heat 83C2EK 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 87C0EK1

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 approximately

85 ksi were quenched into the filter Unit No. 1 when coolad from the 2000 F

solution anneal with a 1200 F per hour cool. Specimens FA in Table

X represent the solution-annealed condition of PBF acoustic filter

Unit No. 1 prior to the aging cycle during which failure occurred

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, heat 87COEKlj aged to various conditions are given in Table

XI. The specimens for material solution annealed at 2000 F, cooled

100 F per hour, aged 4 hours at 1325 F and 16 hours at 1150 are iden-

tified as FS. They possessed an average 0.2% yield strength of 145

ksi, the required design stress for the PBF acoustic filter. Specimens

cooled from a 2000 F solution anneal 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

Mie average of 156 ksi listed for the FA specimens which represent

the age-hardened condition of the failed PBF acoustic filter Unit

No. 1.
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Room temperature tensile ductilities are 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, respectively. 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-Hardened Acoustic Filter Material

Room temperature impact properties are iisted in Table XII

for the FS, FI, and FA conditions. Material cooled at 400 F per hour

(FI condition) and aged had the highest average impact resistance of 60 ft-lb.

The next highest impact values (51 ft-lb) 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-lb. The impact values of Table XII (heat 87COEK1) may be

compared to values given in Table IV for heat 83C2EK. The FA specimens

of Table XII weru solution annealed and aged the same as the AA

specimens listed in Table IV. The average respective impact values

were 41 and 26 ft-lb. This shows that heat 87COEK1 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 B6 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 87C0EK1 have shown:

1. The stress rupture ductility in terms of elongation

and reduction in area is progressively 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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2. 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.

3. 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.

The room temperature tensile tests have shown:

1. Shell material for the acoustic filters (heat 87C0EK1) 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 a room temperature

0.2% yield strength of 145 ksi.

2. 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).

3. The tensile ductility was better for material solution

annealed at 2000 F, cooled at rates of 400 F (FI) and 100 F

(FS) per hour; and then aged 4 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).

The room temperature impact tests have shown:

1. The impact resistance for samples aged after being cooled

at rates of 100, 400 and 1200 F were 51, 60, and 41 ft-lb,

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 titn the previously used FA condition.

2. The impact resistance of heat 87COEK1 heat treated to condi-

tion FA to represent the condition of the acoustic filter

was 41 ft-ll>. This is superior to the average of 26 ft-lb

for heat 83C2EK shown in Table IV. It is also superior to

two heats (2180-2-9251 and 2180-2-9247) and equal to a

third heat CHT52C9EK) tested for the Alloy 718 code case submit-
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tal (AEC Inconel 718 Materials Program, Contract 41-1375-

1-94). 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). In contrast, when specimens were cooled from 2000 F

solution anneals at 100 F per hour fairly constant elongation percents were

exhibited from 1000 F to 1500 F. This resulted in the slowly cooled

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. Plots in Figures 22 and 23 show that ducti-

lities were generally 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 conditions.

Yield strengths of around 100 ksi which extended to 1300 F 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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SectLon IX.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 cooled

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: fail

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 age-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 cf 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 improvement 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 elongation values between

12 and 18 percent for this temperature range. Slow cooling rates

appear to increase the capability of Inconel 718 components to

accommodate stresses by relaxation and to reduce the magnitude of

residual thermal stresses formed. This would be beneficial when

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

A study which checked the possibility of a preweld condition

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 an 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 Table 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 FBF acoustic filter Unit No. 1.

Hetallographic 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 actual 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 exposures to 2250 F. The

thermal history responsible for the formation of the second phase at

the grain boundaries is not known. It may be attributed to the 2 hour

1725 F stress relief plus 1325-1150 F duplex age or a combination of

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

since various carbides (JSC and M,C), orthorombic Ni_Nb precipitates,
o J

and Laves phase (M2T1) are not completely dissolved at 1725 F.
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Fig. 2 COMBINATION SMOOTH-AND-NOTCHED TEST STRESS-RUPTURE SPECIMEN

AMS 5663 (Specimen type 5)

Specimen
Number

5

Tolerance

Center Gage
Diameter G,

Inch

0.252

+0.001

C
inch

0.

+0.

.125

.062

D

1

, min
inch

.000

E

0

, min
inch

.375

F
inch

0.252

+0.001

H
inch

0.357

+0.003

RR
inch

0.00

+0.r- '5
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Fig. 3 Orientation and location of tensile and impact specimens.
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1
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C

1 1
1
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j

i

1

i

ill diutnsioni in inekaa

DIMENSIONS

A-DIAHETER AT CENTER1 -
B-OlAHiTER OF CRIP END APPROX.J

C-LENQTH OF REDUCED SECTION,

D-CKtP LENGTH, APPROX.3

F-TILLCT RADIUS, MIN.
B-CACE LENGTH - ,
L-1OTAL LlNCTHn APPROX.'
AREA O.r CROSS SECTION,

bQ. IN., APPHOX.

R1

TYPE 1)

O.S05±0.010

2 1/4

z 0*0 of'''
i.0*0. 0 ^

R2
(FORMERLY
TYPE 4)

0.357*0.007
1/2

0.75
1.4x0.005

3 1/2

1/1O

(fORHERLY
TYPE 4)

0.252,0.0^5

0.18
1.0±0.GO 5

3

1/20

R4

0.160*0.003
S/16

i/j
0.15

0.24*0.as;,
2

i/so

R5
(roRHERLY
TYPE 4)

0.113*0.002

V*
5/8
3/B

0.09

*1 5/8

1/1 eo

1. DIAMETER UF THE REDUCED SECTION MAY DE SMALLER AT CENTER THAN AT ENDS. DIFFERENCE SHALL NOT
EXCEED 1 PERCENT OF OIAMETER AT CENTER.

2. WHEN AN I XTENSOHCTCH IS REQUIREO TO DETERMINE ELASTIC PROPERTIES, DIMENSIONS C AND L HAY BE
KODifllD lo PROVIDE THEREFOR. IN ALL CASES THE PERCENTAGE OF ELONGATION SHALL DE BASED ON
OIMLNSI OH Gm

3. ENOS MAY OE OF ANY SHAPE TO FIT THE HOLDERS OF THE TESTING MACHINE IN SUCH A MANNER THAT THE
LOAD |S AXIA^«

4. A GENEROUS FILLET IS DESIRABLE.

Fig. A FTMS 151, Method 211.1 (R3> tensile specimen.
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OIMENSION

•

A — CENTER TO END
B - LENGTH
© - CROSS 5ECU0N (DEPTH)
0 - NOTCH TO BASE
E - CROSS SECTION (WIDTH)

r - RADIUS or NOTCH
0 - ANGLE Or NOICH
OUT OF SQUARE (OF CROSS SCCTION)

HI.

1/2 B

55.000
10P600

e.ooo10.000
.250

0.001

TOLERANCE
(KH.)

0 -2. 50
.025 .025
.025 .025
.025 .025
.025 o .025

45° PLUS OB
INCH IN 0«394 INCH

INCHES

1/2 B*
2.165
.394
.315
.394
.010-

MINUS 1°
OR 0.15°

TOLERANCE
(INCHES)

• —

0
.001
.001
.001
.001

.100

.001

.001

.001

.001

(9 MINUTES)

NOTE—Permissible variations shall be as follows:
Adjacent sides shall be at
Cross-section dimensions
length of specimen Si)
Centering! of notes (L/2)

Angle of notch
Radius of notch
Dimensions lo bottom of notch:

Type A specimen
Types B and C specimen

Finish requirements

90 Atf ± 10 min
±O.0OI in. (±O.O2S mm)
+0. -0.100 in. (2.5 mm)
±0.039 in. (I mm): When an end-centering device is necessar> to center the specimen

in the am il. see 8.3. it is necessan that the notch be accurately centered to ensure
compliance with 4.2.1.

±ldcg
±0.001 in. (0.025 mm)

0.315 i 0.001 in. (8 ± 0.025 mm)
0.197 a 0.002 in. (5 * 0.05 mm)
63 »in. (2 »m) on notched surface and opposite face: 125 «in. (4 »m) on o«er two

surfaces

Fig. 5 ASTM E-23 (Type A) Charpy V-notch impact specimen.
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Fig. 6 Rupture l ife at 1400 F for solution-annealed 718 alloy with varying solution anneal
conditions.
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ConditionE- Recycled, 2000°F Sol *n Anneal -Cooled 900°F/hr
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Fig. 7 Rupture l i fe at 1400 F for Inconei 718 solution annealed to various 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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Fig. 8 Stress rupture elongations resulting from in i t ia l stress levels at 1400 F on various
solution-annealed conditions.
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Fig. 9 Reductions in area for 1400 F stress rupture tests of various solution-annealed
conditions.
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Fig. 10 Stress rupture elongations obtained at 1400 F for various solution-annealed condi-
tions which had received prior thermal cycling.
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F1g. 11 Reductions 1n area for 1400 F stress rupture tests for various solution-annealed
conditions which had received prior thermal cycling.



F1g. 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 at 90 ksi. The grain boundaries are very
smooth. 80X
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Fig. 14 Dimpling as indicated by the arrows may be observed
on many grain boundaries at the intergranuiar origin of a
stress rupture specimen cooled from a 2000°F solution anneal
at a rate of 75°F per hour. This specimen identified at B-5
was stressed at 88.5 ksi at 1400°F. 65X

Fig. 15 Extensive dimpling observed on grain boundaries of
stress rupture specimen A-ll cooled from 2000°F at a rate of
900°F per hour then tested at 1400°F at a stress of 60 ksi.

325X
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Fig. 16 Hicrostructure illustrating 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

Ffg. 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 4200X
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18a. Replication of the polished and etched microstructure
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 raicrostructure shown by a TEM rep-
lica for Heat 83C2EK cooled from 2000°F at a rate of 75°F
per hour (condition Bj. Etchant No. 2 15.000X

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
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