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TECHNICAL PAPER

A MECHANICAL PROPERTY AND STRESS CORROSION EVALUATION OF VIM-ESR-VAR
WORK STRENGTHENED AND DIRECT DOUBLE AGED INCONEL 718 BAR MATERIAL

SUMMARY

This report presents the mechanical properties and the stress corrosion resistance of triple melted
[vacuum induction melted (VIM), electroslag remelted (ESR), and vacuum arm remelted (VAR)] solution
treated, work strengthened and direct double aged Inconel 718 alloy bars [4.00 in. (10.16 ¢cm) and 5.75
in. (14.60 cm) diameter] processed by Wyman Gordon.

Tensile test data generated by the Marshall Space Flight Center’s (MSFC) Materials and Processes
Laboratory and by Wyman Gordon are tabulated for comparison purposes. Additional MSFC fracture
toughness and charpy impact test data at ambient temperature and -100°F (-73°C) is also presented.
There appears to be very little, if any, degradation in the material’s toughness with decreasing tempera-
ture, within the limits of our testing program.

The work strengthened Inconel 718 alloy showed excellent resistance to stress corrosion as evi-
denced by the mechanical properties of stressed specimens after 180 days exposure to a salt fog
environment, '

INTRODUCTION

Inconel 718 is a nickel base austenitic precipitation hardenable alloy which was developed by the
International Nickel Company in the late 1950’s. The alloy possesses high strength, excellent corrosion
resistance and is used over the temperature range of -423°F (-252.8°C) to +1300°F (704°F).

The alloy is currently being used in the solution treated and aged condition at Kennedy Space
Center (KSC) for the solid rocket booster (SRB) holddown studs which are approximately 3.5 in. (8.9
cm) diameter and 31.5 in. (80.0 cm) length. The Inconel 718 alloy is also used as the mating frangible
nuts on the holddown studs.

At MSFC the alloy has found use as high strength fasteners, limited to relatively small diameters
due to cold working and hot heading restrictions. Large diameter bar material use has also been restricted
to the solution treated and aged condition due to the limitation of cold work. The normal penalties
associated with cold working are loss in reduction of area, loss in elongation, and increased grain size.

Our investigation indicates a breakthrough by Wyman Gordon in processing large diameter bars
of Inconel 718 alloy. Their processing of 4.0 in. (10.16 cm) and 5.75 in. (14.60 cm) diameter bars has
resulted in greatly increased yield strength, elongation, and reduction of area and a significant reduction
in grain size.

A preliminary investigation was performed at MSFC’s Materials and Processes Laboratory on
moderately work strengthened and direct single and double aged material processed by Wyman Gordon.
- The results of that investigation are tentatively scheduled for publication at a later date. This preliminary



investigation indicated that large diameter material could be work strengthened without the loss of
ductility or elongation or increase in grain size. The investigation also proved the alloy’s excellent
resistance to stress corrosion cracking in a chloride environment is not impaired by work strengthening.

Based on the test data generated by Wyman Gordon and MSFC, the solution treated work
strengthened and direct aged material is being used at KSC in the Biach Industries tensioner which applies
the tension load to the SRB holddown studs, This application is reported in the January 1986 Metals
Progress — “86 Technology Forecast for Superalloys.” Biach Industries has also supplied Vandenberg
Air Force Base with tensioners for SRB holddown application.

EQUIPMENT AND TEST SPECIMENS

The tensile properties for Figure 1 configuration specimens were determined by using a Tinius
Olsen (DS-30) Servohydraulic Testing Machine, Charpy v-notched impact specimens, made to the configu-
ration shown in Figure 2, were tested at ambient and cryogenic temperature with a Tinius Olsen Impact
Machine. Fracture toughness compact tension specimen configurations, shown in Figure 3 were pre-
cracked and tensile tested at ambient and cryogenic temperature on a Model 812.21 Material Test System
(MTS) 10,000 1b (4540 kg) capacity servohydraulic testing machine,

Fluke Digital Comparators (Model 2162A) were used to control the upper and lower limits for the
cryogenic tests on the charpy impact and the compact tension test specimens. A Fluke Digital Thermome-
ter (Model 2165A) indicated the test temperature of -100°F (-73°C). Liquid nitrogen vapors were
utilized to maintain the cryogenic temperature,

The locations for the tensile, charpy, and fracture toughness specimens are shown in Figures 1A
and B, 2A, and 3A and B, respectively. The specimen blanks were sectioned for these locations by
Wyman Gordon,

MATERIAL PROCESSING

The chemical composition of the as received material used in the investigation is shown in Table
1. This material was purchased in the solution treated, work strengthened, and direct double aged condi-
tion from Wyman Gordon. The material supplier to Wyman Gordon press converted a vacuum induction
melted (VIM)-electro-slag remelted (ESR)vacuum arc remelted (VAR) 25 in. (63.5 cm) diameter ingot to
12 in. (30.5 cm) diameter round billets.

Wyman Gordon converted the billets (identified as WG39735) on a cogging press to 10 in, (25.4
cm) diameter round billets using a fine grain conversion practice. The billets were then press forged on a
cogging press in two operations to yield 6 in. (15.2 cm) round corner squares approximately 120 in.
(304.8 cm) long. These configurations were sheared into three 40 in. (101.6 cm) long bars, which were
drawn by four draw operations to 100 in. (254 cm)-113 in. (287.0 cm) lengths by approximately 4.25 in.
(10.8 cm) diameters. The bars were then special processed to 4.0 in, (10.2 cm) diameters and double
aged at 1325°F (718°C) for 10 hours-furnace cooled to 1150°F-hold for a total single aging time of
20 hours (repeat).



Almost identical processing was performed to achieve the 5.75 in. (14.6 ¢cm) diameter bars except
that the supplier converted a 20 in. (50.8 c¢m) diameter ingot to 12 in. (30.5 cm) diameter round billets
(identified as WG39736). Wyman Gordon used a five draw operation (as opposed to the four draw opera-
tion used for the smaller diameter material) to achieve a 6.25 in. (15.9 cm) diameter by 127 in. (322.6
cm) length.

The processing and heat treatment are documented in the Wyman Gordon “Product Test Report
No. 362 [Ref. 1]. '

STRESS CORROSION TEST PROCEDURE

A 180 day salt fog exposure test was performed on tensile specimens manufactured to the Figure
1 configuration. The test specimens were stressed to 75 percent and 100 percent of the transverse 0.2
percent yield strength prior to exposure to the chloride environment.

The salt fog test followed the procedures of ASTM-B-117-64, “Standard Method of Salt Fog
(FOG) Testing,” which specifies a 5 percent salt solution at a pH of 6.5 to 7.2 and a temperature of
95°F (35°C).

RESULTS AND DISCUSSION

1. Tensile Tests
a. Wyman Gordon Test Data

The Wyman Gordon mechanical property evaluation of bars WG39735 [4.00 in. (10.16 c¢m) dia.]
and WG39736 [5.75 in. (14.60 cm) dia.] shown in Table II, is tabulated in Table III, The tensile test
specimen gage diameters were 0.252 in, (0.640 ¢cm) and 0.178 in. (0.452 c¢cm) for the longitudinal and
transverse directions, respectively. Wyman Gordon used 40 longitudinal and 16 transverse specimens to
evaluate the WG39735 bar and 8 longitudinal and 4 transverse specimens to evaluate the WG39736 bar.

The ultimate tensile strength and the 0.2 percent yield strength in the longitudinal and transverse
directions were practically identical when specimen data were compared for the same bar segments, the
exception being the S/N K2997 segment. The elongation and reduction of area were significantly differ-
ent between the longitudinal and transverse directions within a given bar. The WG397535 longitudinal
specimen data indicated an average 8.5 percent to 14.5 percent (Max. to Min.) greater elongation than
the transverse specimen data and an average of 24.7 percent to 30.8 percent (Max. to Min.) greater
reduction of area. The WG39736 longitudinal specimen data indicated an average 29.4 percent to 25.0
percent (Max. to Min.) greater elongation and an average 36.4 percent to 31.9 percent (Max. to Min.)
greater reduction of area than the transverse specimen data.

A yield strength difference was detected within the WG39735 bars. WG segment S/N K2989
longitudinal specimen yield strength values ranged from 195.6 ksi (1348.6 MPa) to 200.6 ksi (1383.1
MPa) as compared to WG segment S/N K2997 with a range of 177.0 ksi (1220.4 MPa) to 192.6 ksi
(1327.9 MPa). A more significant yield strength difference was noted in the transverse directions of the
two segments as indicated in Tables III A-D. The longitudinal mechanical property ranges for the
WG39735 [4.00 in. (10.16 cm) dia.] bars are plotted in Tables III A and B, respectively, Table HI C



and D illustrate the transverse mechanical property range. The above described Tables represent the MSFC
evaluation of Wyman Gordon data, which they have thoroughly documented in a Wyman Gordon
“Product Test Report No. 362” [Ref, 1].

b. MSFC Test Data

The complete results of the tensile tests conducted at MSFC on specimens removed from bar
WG39735 locations S/N K2989 and S/N K2992, illustrated in Table II, are tabulated in Table IV. Figures
1A and B show the specimen orientation within the bar locations.

These data indicate low elongation and reduction of area for the transverse specimens removed
from location S/N K2989. A comparison of the MSFC data with Wyman Gordon data is shown in Table
V. The difference in properties can be explained by the near proximity of the small gage diameter
[0.1250 in. (0.3175 cm)] MSFC specimens to the end of the bar. The Wyman Gordon specimen con-
faining larger gage diameters were removed closer to the adjacent segment S/N K2990, which is toward
the center of the bar.

In the MSFC investigation the differences in elongation and reduction of area of the transverse
specimens from S/N K2992 as compared with specimens from S/N K2989 prompted a metallographic
examination. Tensile samples T14 from section S/N K2989 and T23 from S/N K2993 were cross
sectioned, mounted, polished and etched for microstructural examination. The resulting microstructures
are shown in Figure 1C and D, Specimen T23, which has twice the elongation and reduction of area as
the T14 specimen, also has a significantly smaller grain size.

2. Charpy V-Notched Impact Tests

Table VI lists the average impact values for ambient temperature and -100°F (-73°C) tests on
longitudinal and transverse charpy v-notched impact specimens. These specimens were removed from
segment S/N K3006 of the WG39736 [5.75 in. (14.60 cm) dia.] bar. The specimen configuration and
locations are shown in Figure 2 and 2A, respectively, and the impact values are plotted in Figure 2B.
Notice that there is an approximate 94 percent and 89 percent retention of the ambient temperature
impact strength at -100°F (-73°C) in the longitudinal and transverse directions, respectively. For com-
parison purposes the average ambient temperature longitudinal and transverse tensile properties on the
S/N K3006 segment, as determined by Wyman Gordon, are also shown in Table IV,

3. Compact Tension Fracture Toughness Tests

Table VII lists the fracture toughness values for ambient temperature and -100°F (-73°C) tests
on LC and C-L direction specimens, These specimens were removed from segment S/N K2998 of the
WG39736 [5.75 in. (14,60 cm) dia.] bar., The specimen configuration and locations are shown in Figure
3, 3A and 3B, respectively, and the fracture toughness values are plotted in Figure 3C. Notice that there
is no loss in the fracture toughness strength of the LC direction specimens at -100°F (-73°C) and that
there is a 95 percent retention of ambient temperature fracture toughness strength at -100°F (-73°C)
in the C-L direction specimens. For comparison purposes the average ambient temperature longitudinal
and transverse tensile properties on the S/N K2998 segment, as determined by Wyman Gordon, are also
shown in Table VIL



4. Salt Fog — Stress Corrosion Tests

The stress corrosion test specimen configuration is shown in Figure 1 and the location and
orientation illustrated in Table II and Figure 1A and B, respectively. The specimens were removed from
the WG39735 [4.00 in. (10.16 cm) diameter] bar segments S/N K2989 and K2992.

Table VIII lists the average tensile properties of longitudinal and transverse specimens stressed to
0, 75, and 100 percent of their respective yield strength and exposed to O and 180 days of salt fog
exposure. There were no tensile failures or loss in mechanical properties after 180 days of stress and
exposure. There was, however, an increase in the longitudinal and the transverse yield strengths of the
100 percent stressed specimens, a phenomenon attributed to additional work strengthening of the Inconel
718 alloy. Figures 4 and 5 illustrate the stressed specimens prior to and after 180 days, respectively.

CONCLUSIONS

Based upon our preliminary investigation of moderately work strengthened and direct single and
double aged Inconel 718 alloy material processed by Wyman Gordon and the results of the evaluation
described in this report the following conclusions are drawn:

1. A significant increase in ultimate tensile and yield strength can be achieved in large diameter
bars of Inconel 718 alloy by the Wyman Gordon work strengthening process without the sacrifice of
grain size, elongation, or reduction of area.

2. The Inconel 718 alloy’s excellent resistance to stress corrosion cracking in a chloride environ-
ment was not impaired by the Wyman Gordon work strengthening process,
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TABLE IIIA

Longitudinal Tensile and Yield Strength in Inconel 718 Alloy Bar WG39735

Ultimate Tensile & Ylsld Strength, KSIi

2407
230::
220::
210}
200::
190:
180:

170

u.T.s.

W

Yield

11854.8
11585.8

+1518.9

+

1+1447.9

+1379.0
4

+1310.0

E-3

+1241.1

K2089 K2091 K2992 K2993 K2994 K2995 K2996 K2997

TABLE IIIB

11721

DN ‘uibuesiS PISIA B SlsUSL PWIN

Longitudinal Elongation and Reduction of Area in Inconel 718 Alloy Bar WG39735

Elongation & Reduction of Area, %

19
o

»
i

&
o

N
Q

b
Q

Reduction of Area

Elongation

NOTE:

K2988 K2991 K2992 K2993 K2994 K2995 K2996 K2997

1. Reference Table il Values [4.00 in. (10.16 cm) Dla. Bar]

2. Data Furnished By Wyman Gordon
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‘Ultimate Tensile & Yleld Strength, KSi

TABLE IIIC

Transverse Tensile and Yield Strength in Inconel 718 Bar WG39735

2407 11654.8
230+ ] 1585.8
220: — . | OIS ::1516 9

T RS S
210 11447.9
2004 ] 1379.0
1901 ::1310.0
180t Yield :1241.1
170 "1172.1

K2980 K2991 K2992 K2993 K2994 K2995 K2098 K2687

TABLE IIID

Transverse Elongation and Reduction of Area in Inconel 718 Alloy Bar WG39735

144
Q

»
Q

Reduction of Area

Elongation

O
Q

-+ o
&

N
o

-b
o

Elongation & Reduction of Area, &

Kzéag K2991 K2992 K2993 K2994 K2995 K2996 K2997

NOTE:
1. Reference Table lii Values [4.00 In. (10.16 em) Dia. Barl

* 2. Datag Furnished By Wyman Gordon
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ORIGINAL PAGE 13
OF POOR QUALITY

Figure 1C. Inconel 718 Alloy Work Strengthened and Direct Double Aged Bar Processed by Wyman Gordon

Specimen No. T14 (6.0 Percent Elong. and 10.1% RA) Microstructure

S/N K2989 and Table IV]

.

[Reference



ORIGINAL PA

OF POOR QUALITY

Figure 1D. ‘Inconel 718 Alloy Work Strengthened and Direct Double Aged Bar Processed by Wyman Gordon

S/N K2992 and Table IV]

Specimen No. T23 (12.0 Percent Elong. and 22.7 Percent RA) Microstructure
[Reference

21
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(= =
0 (=)
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| i

TEMPERATURE, °F
NOTE: S.T., Work Strengthened & Direct Double Aged

Data: —-100°F (—-73°C) 80°F (26.7°C)
+ Longitudinal 12,13.5,14 12.5,14.5,14.5,15
- * Transverse 6.5,6.5 6.5,7,8,8

Figure 2B. Charpy V-Notched Impact Strength of Work Strengthened and
Direct Double Aged Inconel 718 Alloy Bar.
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100-

50

-120

S.T., Work Strengthened
Direct Double Aged
Inconel 718

@
o
©

(2/1vLm] BdN) a1}

176.9

# XkEkX H +

—-100+
_..40 ot

Temperature, °F

* C-L

7110

198.9

165.9

54.9

100

C _L. KQ

Figure 3C. Fracture Toughness of Work Strengthened and Direct

Double Aged Inconel 718 Alloy Bars.
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ORIGINAL PagE- s

Figure 4. Inconel 718 Alloy Work Strengthened and Direct Double Aged Bar Processed by Wyman Gordon
Longitudinal and Transverse Specimens Stressed to 75 and 100 Percent of Yield Strength Prior to Salt Fog Exposure.
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Figure 5. Inconel 718 Alloy Work Strengthened and Direct Double Aged Bar Processed by Wyman Gordon

Longitudinal and Transverse Specimens After 180 Days Exposure to a Salt Fog Environment.
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