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ABSTRACT

This document constitutes the Final Report on manufacturing process development
of 18% nickel maraging steels and 9% nickel, 4% cobalt quench and temper steels. The
effect of a number of processing and fabrication procedures on mechanical properties
including toughness and stress corrosion was evaluated and is reported herein. None
of the grades tested exhibited exceptional sensitivity to forging conditions but there
was indication that the 18% nickel maraging steel possessed superior mechanical
properties when reduced about 75% and finished at 1800-1850 F. Optimum results
were obtained when the 3% nickel-4% cobalt steel with 0. 45% carbon was reduced 75%
but the 9% nickel-4% cobalt steel with 0, 25% carbon exhibited better properties when
reduced only 25%, The preferred finishing temperature for these steels was found to
be 1900-1950 F, The results also suggest that in most cases vacuum-arc remelting
results in some increase in fracture toughness. All of the steels proved to be rather
insensitive to the rolling temperature but the greater reduction that the thinner plate
underwent apparently resulted in improved toughness at least in the longitudinal
direction, Weldability tests indicated that the 18% nickel maraging steel could be
welded without severe degradation in heat-affected-zone mechanical properties pro-
vided the material was re-aged after welding, Welds of near 100% efficiency were
produced in the 9% nickel-4% cobalt steels by quenching and tempering after welding.
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INTRODUCTION

The investigations described in this report were concerned with the manufactur-
ing development of high-strength steels and were intended to determine the best manu-
facturing and processing procedures for the production of 18Ni maraging and 9Ni-4Co
quench and temper alloy-steel forgings and flat-rolled product, The Air Force initiated
the program to develop the optimum manufacturing methods for the production of the
two alloy steels as forgings, plate, and sheet and to partially assess the degree of
uniformity and reproducibility that could be expected in mechanical properties, The
major subcontractors that participated in the program were:

Aerojet-General Corporation, Sacramento, California
Ladish Company, Cudahy, Wisconsin

Wright Aeronautical Division, Curtiss- Wright Corporation, Weod-Ridge,
New Jersey

General Dynamics/Fort Worth, Texas

North American Aviation, Inc,, Los Angeles Division, Los Angeles,
California,

Because of the rapid advance of hardware-design technology, particularly in the
aircrait and aerospace industries, an urgent demand has developed for more reliable,
very high-strength construction materials, A concerted effort by material engineers
to meet the design engineer's demands has resulted in significant improvement in the
reliability of high-strength materials, Major interest developed in two alloy steels,
one strengthened by "age hardening' and the other strengthened by the more conven-
tional "quench and temper' treatment, The two steels are the 18Ni maraging steel
introduced by the International Nickel Company and the 9Ni-4Co quench and temper
steel developed by Republic Steel Corporation, The 18Ni steel was studied at a nominal
strength of 250, 000 and 300, 000 psi and the 9Ni-4Co steel at a nominal strength of
200,000 and 250, 000 psi.

, The program called for evaluation of the 18Ni and 9Ni-4Co alloy steels as
produced by three melting practices for each grade. Variations in production proce-
dures for open-die forging, in the production of large-diameter ring forgings of the
250, 000-psi maraging steel, and in hot rolling of sheet and plate were studied for their
effects on metallographic structure and mechanical properties, particularly fracture
toughness,

SUMMARY

Materials and Ingot Processing

As the first phase of the study, an extensive literature survey of 18Ni-maraging
and 9Ni-4Co-quench and temper steels was conducted, It was decided that material in
the air-melted, vacuum-degassed, and vacuum-arc-remelted condition should be



studied. Two different compositions of 18Ni-maraging steel were included: one
capable of achieving about 250, 000 psi strength and the other capable of reaching a
strength of nearly 300,000 psi. Two different compositions of the 9Ni-4Co steel were
also included. One was specified 0.24 to 0, 30 percent carbon and was expected to
exhibit a strength of nearly 200,000 psi, and the other was specified 0. 42 to 0, 48 per-
cent carbon and was expected to exhibit a strength of about 250,000 psi, The litera-
ture survey permitted the establishment of tentative specifications for materials to be
used in the program that set limits on chemical composition, mechanical properties
and cleanliness, and also described the thermal cycles to be employed for forging and
for heat treatment. Heats were qualified and accepted for the program by forging 5-
inch- square bars from samples cut from 8 x 16-inch blooms in most cases,

Most of the steel used in the program was produced by Republic Steel Corporation,
but several heats of both the 18Ni and the 9Ni-4Co grades were made by other steel |
companies, This permitted some comparison of material produced at different mills,
and it also contributed to more widespread know-how in producing these high- strength
steels,

No difficulty was encountered in forging the 18Ni steels until an attempt was made
to reduce two 43-inch octagon section air melt ingots fo 30-inch round cornered
squares. Both of these cracked. The forging practice was changed to a higher
temperature (2300 F) and longer soak, to a slower cooling rate from 1200 F to 200 F
after forging, and to include a postforging treatment of 300 F to 500 F for 36 hours.
After making these changes, no further difficulty was encountered in forging the 18Ni
steels, Cracks were formed during the initial breakdown of several of the first 9Ni-
4Co ingots that were forged. This difficulty was overcome by careful surface prepara-
tion prior to heating for forging and by increasing the initial temperature from 2050 F
to 2200 F,

It was observed that samples flame-cut from blooms and billets of 18Ni steel in
some cases developed cracks that extended across the flame-cut surface, Tests
demonstrated that such cracking could be avoided if the blooms or billets were heated
to 1100 F (overaged) and cooled to room temperature prior to flame cutting, or if the
blooms or billets were flame cut while cooling from 1500 F, Flame cutting while the
steel was at several hundred degrees presented practical difficulties, and the prior
treatment was considered to be the more practical solution,

Forgeability

The forgeability of the grades of steel involved in the program was evaluated
with respect to finishing temperature and degree of reduction, Four-inch-square by
five-inch specimens were upset to l-inch thickness in a single stroke by a 500-ton
press for the temperature study. The pancake specimens were examined as forged,
then heat treated and used for tensile specimens and precracked Charpy specimens.
All of the steels were considered to be forgeable. It was concluded on the basis of
mechanical properties after heat treating that the most desirable finishing temperature
for the 18Ni air-melted and vacuum-degassed steels was 1900 to 1950 F; that the most
desirable finishing temperature for the 18Ni vacuum-arc-remelted steel was 1850 to
1900 F; and that the most desirable finishing temperature for the 9Ni-4Co steels {all
types) was 1900 to 1950 F.



The fracture-toughness tests indicated that finishing temperature had little or
no effect on the final toughness and that the vacuum-arc-remelted, carbon dioxidized
9Ni-4Co steel possessed toughness superior to that of the air-melted aluminum
deoxidized 9Ni-4Co steel. The superior toughness of vacuum-arc-remelted material
was frequently observed in subsequent tests.

The forging reduction portion of the study involved reducing 8-inch-thick billets
to specimens that were 2, 4, and 6 inches in thickness, which represented reductions
of 75, 50, and 25 percent, respectively, It was concluded that optimum processing
for each grade was 75 percent reduction for the 18Ni (300), 18Ni (250), and 9Ni-4Co
(250) grades, and 25 percent reduction for the 9INi-4Co (200) grade. Preferred finish-
ing temperatures were 1800 to 1850 F for all 18Ni steels and 1900 to 1950 F for all
9Ni-4Co steels,

Rolled-Ring Forgings

The influence of melting practice and forging procedures on the structure and
mechanical properties of rolled-ring forgings of 18Ni (250) steel was studied by the
Ladish Company. Four rings of air-melted steel and four rings of vacuum-arc-
remelted steel were produced. The rings represented two different degrees of wall
reduction (75 and 50 percent) and two different forging temperatures (1950 and 2250 F).
In addition, the test specimens were solution annealed at two different temperatures,
1650 F and 1500 F,

Statistical analysis of the data obtained indicate that the vacuum-arc-remelted
material had about 3000-psi-higher yield and ultimate strengths and at the same time
about a 10 percent-higher precracked-Charpy value than the air-melted material.
"Circumferential specimens' (specimens cut with their long axes in the circumferential
direction) exhibited greater elongation, reduction of area, and precracked Charpy
values than "transverse specimens'. Both precracked-Charpy values and reduction-
of-area values suggest that it is advantageous to heat to 2250 F and forge while the
temperature falls to 1950 F, rather than heating to 1950 F and reheating frequently.
Greater precracked-Charpy values, elongation, and reduction of area were exhibited
by circumferential specimens that had received 75 percent reduction than by specimens
that had received 50 percent reduction. The 1500 F solution anneal appeared to result
in slightly higher strength and lower ductility than the 1650 F solution anneal. These
results suggest that the preferred processing should be:

(1) Vacuum-arc remelting

(2) Heating to 2250 F before forging, and forging while the temperature
drops to 1950 ¥,

Other rings made of 18Ni (300) and 9Ni-4Co (250) and 9INi-4Co (200} steel were
evaluated by Aerojet- General Corporation, The results indicate the 9Ni-4Co (200) steel
to be, by a considerable margin, the toughest of the three grades, with the 9Ni-4Co
{250) of intermediate toughness and the 18Ni (300) of lowest toughness. Thus, it was
apparent that there is an inverse relationship between strength and toughness, as has
been shown on previous occasions, The grade of steel selected for a given part will
depend upon the relative importance assigned to strength and ductility.



Closed-Die Forgings

Forgings weighing 38 pounds each were produced in the dies used for the Wing
Pivot Forward Support Bracket for the F-111 aircraft. Test specimens of various
kinds were cut from the forgings, The materials employed were 18Ni (300} vacuum-
arc-remelted; 18Ni (250}, both air melted and vacuum-arc-remelted; and 9Ni-4Co (250},
vacuum-arc-remelted. Notched and unnotched tensile properties, slow-bend fracture-
toughness fatigue strength, and stress-corrosion resistance were evaluated. The
results of the tensile tests show a remarkable independence of specimen orientation
on elongation and reduction of area as well as tensile and yield strengths for the
vacuum-arc-remelted material. The air-melted 18Ni (250) material, however, ex-
hibited elongations and reductions in area that were noticeably lower than its vacuum-
melted counterpart, The air-melted material was somewhat higher in both yield and
ultimate strengths, Therefore, there is some question about how much of the loss in
ductility can be attributed to the melting practice.

A comparison between the 18Ni {300) vacuum-arc-remelted material and the
18Ni (250) vacuum-arc-remelted material is quite interesting., The difference in both
yield and tensile strength was about 30 ksi (290 and 285 ksi versus 260 and 255 ksi),
The notch-unnotched ratio was substantially lower for the 18Ni (300) material, even
though the decrease in elongation and reduction of area was quite small. The 18Ni
(300) possessed lower V-notched Charpy values at both room temperature and -65 F,
almost identical notched fatigue strength, greater susceptibility to stress-corrosion
cracking, and G, values lower by a factor of almost 2. Thus, it is apparent that the
higher strength of the 18Ni (300) is achieved with a conspicuous loss in ductility and
toughness.

The air-melted 18Ni (250) steel, although exhibiting a little higher yield and
ultimate strength than the vacuum-arc-remelted 18Ni (250) steel, was inferior to the
vacuum-arc-remelted material in other respects, particularly with respect to V-
notched Charpy values and notch-unnotched tensile ratio.

Ingots, Slabs, and Heavy Plate

A study was made of the tensile properties and fracture toughness of 18Ni (250)
vacuum-arc-remelted steel when cast in various-size ingots and reduced to 10-inch-
thick slabs and 4-inch-thick plate. The reproducibility of specimens cut from ingots
was poor and of doubtful significance, particularly with respect to elongation, reduc-
tion of area, and Gj. values.

The data on specimens cut from slabs and plate reduced from 18, 24, and 32-
inch-diameter ingots was not entirely consistent,

Sheet and Plate

Tensile V-notched Charpy and center-notched fracture-toughness tests were used
to evaluate the effect of plate and sheet-rolling temperature, thickness, cross rolling,



and heat treatment, Air-melted and vacuum-arc-remelted 18Ni (250}, vacuutm-arc-
remelted 18Ni (300), and air-melted and vacuum-arc-remelted 9Ni-4Co in both the
{200) and (250) classes were included in this portion of the program. Five different
thicknesses (3.0, 0,75, 0,375, 0,160, and 0. 045 inches) were evaluated.

181 Steels

The effect of rolling temperature on the properties of the 18Ni steels was rela-
tively small, There appeared to be some advantage in finishing plate and sheet bar of
18Ni steel at 1950 F and in finishing 18Ni steel sheet at 1550 F. Cross rolling with 67
percent reduction increased the fracture toughness of the 18Ni 3/8-inch plate and
0.160-inch sheet, These latter results were somewhat surprising in view of the lack
of anisotropy in the straightaway rolled material. A single solution anneal for 1 hour
at 1500 F followed by aging for 3 hours at 925 F seemed to develop the best combination
of strength and ductility. However, the difference observed in properties after use of
higher solution-annealing temperatures (up to 1650 F) and aging at either 900 F or
950 F was not great,

No consistent effect of melting practice on the tensile properties (including
elongation and reduction of area) was observed, Furthermore, tensile properties in
the longitudinal and long transverse directions were not influenced by plate thickness.
V-notched Charpy and precracked Charpy specimens did not indicate that melting
practice or plate thickness had a significant effect. Both K_ and K;. were determined.
More than half the results were invalid by ASTM standards because the net stress
exceeded 80 percent of the yield strength. The results, nevertheless, suggest that
for a given yield strength the vacuum-melted steel is superior to the air melted; that
the lower the titanium, the greater the fracture toughness, and that 3 /8-inch and
thinner plate or sheet is superior to heavier material, '

Stress-corrosion tests in dilute NaCl solutions, though limited in number, show

that the lower the tensile strength, the greater the resistance to delayed fracture, and
that vacuum-arc melting is superior to air-melted material,

9Ni-4Co Steels

Both the (250) and {200) grades of these steels proved to be rather insensitive to
rolling temperature. The plate and sheet bar of the (200) grade possessed a slightly
better combination of strength and toughness when finished at 1950 F. The sheet pro-
cessed from the (250) grade appeared best when the sheet bar was finished at 1850 F
and the sheet was finished at 1500 F, Double tempering at 1000 F for 2 hours each
cycle resulted in the most desirable combination of strength and toughness for the
{200) material, and austempering at 475 F produced the best properties in the (250)
material. The 9Ni-4Co steels were more susceptible to stress corrosion than the
18Ni steels, Crack-growth rates at 80 percent of the yield strength in dilute solution
of NaCl were roughly 4000 microinches per minute, some 20 times as fast as with the

18Ni steels.



Welding

Both the 18Ni and the 9Ni-4Co steels were evaluated for weldability by North
American Aviation, Incorporated., Tests included determining the susceptibility to hot
cracking, the rechanical properties of simulated heat-affected zone material, and the
mechanical properties of specimens welded by the tungsten-inert-gas method. The
high-temperature strength and ductility of all the grades except the 18Ni (250) air-
melted grade followed the expected pattern of abrupt loss in ductility as the melting
point was approached and immediate recovery of ductility on cooling from the hot short
temperature range, The 18Ni (250) air-melted heat included in this program exhibited
erratic ductility until cooled below 2000 F.

The 18Ni steels exhibited a loss in notch strength as well as tensile strength
after heating to 1200 F in simulated heat-affected zone tests, apparently because of
overaging, The same materials exhibited an even larger (40 percent) loss in notched
strength when cycled between 1800 F and 2500 F, apparently as the result of re-
solution, The loss in strength caused by single-cycle heating above 1800 F was almost
completely recovered by reaging. Ten-cycle heating above 1800 F (as might be en-
countered in some heat-affected zones) resulted in a 10 to 20 percent loss in strength
even after reaging.

Precracked Charpy specimens were used to evaluate fracture toughness of
simulated heat-affected zone material, Some loss in absorbed energy was experienced
after cycling the 18Ni steel to 2500 F and reaging, but the loss was not large, and al-
though probably statistically significant would be classed as a minor effect,

The 9Ni-4Co (250) steel containing 0, 45 percent carbon was completely re-heat
treated after being subjected to simulated heat-affected zone thermal cycles. It sub-
stantially regained its original strength and fracture toughness, and under these condi-
tions was unaffected by the thermal cycles. The 9Ni-4Co {200) steel was tested as
cycled and after being reheated to 50 F below the initial tempering temperature, In
the as-cycled condition strength increased progressively as the peak temperature was
raised from 1300 to 1500 F because of increasing amounts of newly formed martensite,
Cycling at still higher temperatures caused increasing brittleness because of increas-
ing grain size without further increase in strength, Tempering at 50 F below the initial
tempering temperature lowered the strength and restored much of the toughness.

Tungsten inert-gas-welded specimens of the 18Ni steels possessed strengths
equivalent to the original material when tested with the weld bead on. A considerable
loss in ductility and toughness was indicated by notched-tensile and slow-bend tests,
Welded specimens of the 9Ni-4Co (250) steel tested with the weld bead on broke outside
the weld. Welded specimens of the 9Ni-4Co (200), re-heat treated after welding,
exhibited strength and ductility equal to the original material.

STEEL SPECIFICATIONS

The first phase of the program was a very complete literature survey on both the
18Ni and 9Ni-4Co steels, As a result of the survey it was possible to prepare rather
complete material specifications for the steels to be used in the program. These
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specifications were then used as a basis for qualifying the heats prepared for the
program, The qualifying tests, fcr the most part, were performed on samples taken
from 8 by l6-inch billets. The more important aspects of the three specifications
employed are indicated below., They were designed to permit use of typical production-
quality material, as differentiated from selected and premium-quality material.

Specification RSC-AF-1

This specification applies to three different classes of maraging steel as indicated
below,

Class I, air melt, nominal strength of 250 ksi,
Class II, vacuum~arc remelt, nominal strength of 250 ksi.

Class III, vacuum-arc remelt, nominal strength of 300 ksi.

The specification placed limitations on the chemical composition, mechanical proper-
ties, and nonmetallic inclusions, as indicated below,

Chemical Analysis, percent

Element Class I and Clasg II Class III
C 0.03 max 0. 03 max
Mn 0.10 max 0.10 max
Si 0.10 max 0.10 max
P 0,010 max 0,010 max
S 0,010 max 0,010 max .
Ni 17.5-18.5 18, 0-19.0
Co 7.5-8,5 8,5-9.5
Mo 4,7-5,2 4,7-5,2
Al 0.05-0,15 0.05-0,15
Ti 0.30-0, 50 {aim 0. 38) 0, 60-0,90
B 0. 003 added 0. 003 added
Zr 0.02 added 0. 02 added
Ca 0. 05 added 0, 05 added

Mechanical Properties

Heat Treatment {Solution anneal 1500 F, | hour, air cool, age 900 F, 3 hours,
air cool).

Mechanical Property Class I Class 1I Class III
Yield strength, ksi 240 (min) 240 (min) 270 {min)
Tensile strength, ksi 250 (min) 250 (min) 280 {min)
Reduction of area, percent 30 (min) 30 (min) . 25 (min)
Elongation, percent 6 (min) 6 (min) 5 {min)



Magnetic Particle Inspection,

Class I Class II Class III
AMS Step- Down Test 2301-A 2300-A 2300-A
Frequency/Severity 1.10/1. 05 0.50/1. 00 0.50/1. 00

Rating (F/S)
Microcleanliness (J-K Rating to ASTM E45-61).

Inclusion Ratings (Worst Field)

Inclusion Class I Class II Class III
Type Thin Heavy Thin Heavy Thin Heavy
A 2,0 1.5 1.5 1.0 1.5 1.0
B 2.0 1,5 1.5 1.0 1.5 1.0
C 2.0 1.5 1.5 1,0 1.5 1.0
D 2.0 1.5 2,0 1.5 2.0 1.5
E 4,0 2,5 3,0 2.0 3.0 2.0

Specification RSC-AF-2a

In a similar manner, this specification applied to three classes of INi-4Co steel
possessing a nominal strength of 200,000 psi, These three classes were:

Class I, air melt, Si/Al-deoxidized steel
Class II, air melt, Si/Al-deoxidized, vacuum-arc-rermelt steel

Class III, air melt, vacuum-arc-remelt steel, carbon-deoxidized.
it specified the following chemical composition, mechanical properties, and cleanliness:

Chemical Analysis (All Three Classes).

Element Percent
C 0.24-0, 30
Mn 0.10-0, 35
Si 0.20-0, 35(a)
P 0.01 max
S 0. 01 max
Ni 7.0-8,0
Co 3.5-4,5
Mo 0.35-0, 60
Cr 0.35-0, 60
A" 0,06-0,12

{2) In carbon-deoxidized steel, 0.10%
maximum silicon was specified.



Heat Treatment,
Normalize 1650 F, 1 hour, air cool.
Austenitize 1550 F, 1 houf, oil quench

Double temper 2 hours each at 1000 F, air cool.
Mechanical Properties (All Three Classes).

Mechanical Property

Yield Strength, ksi 175 {min)
Ultimate Tensile Strength, ksi 185 {min)
Reduction of Area, percent 55 {min)}
Elongation, percent 13 (min)

Magnetic-Particle Inspection,

Class I Class II Class III
AMS Step-Down Test 2301-A 2300-A 2300-A
Frequency/Severity 1,00/0,75 - 0.50/1.00 0,50/1, 00

Rating (F/S)
Microcleanliness (J-K Rating to ASTM E45-61}).

Inclusion Ratings (Worst Field)

Inclusion Class I Class II Class 111
Type Thin Heavy Thin Heavy Thin Heavy
A 2,0 1.5 1.5 1.0 1.5 1.0
B 2,5 1.5 1.5 1.0 1.5 1.0
C 2,0 1.5 1.5 1.0 1.5 1.0
D 2.5 1.5 2,0 1.5 2.0 1.5

Specification RSC-AF-3a

This specification also applies to 9Ni-4Co steels, but to those possessing a
nominal strength of 250,000 psi. The three classes were:

Class I, air melt, Si/Al-deoxidized steel
Class II, air melt, Si/Al-deoxidized, vacuum-arc-remelt steel

Class III, air melt, vacuum-arc-remelt steel, carbon-deoxidized.



Chemical Analysis (All Three Classes),

Element Percent
C 0.42-0, 48
Mn 0.10-0, 35
Si 0.15-0, 35(2)
P 0.0] max
S 0,01 max
Ni 7.0-8,5
Co 3.5-4.5
Mo 0.20-0, 35
Cr 0,20-0, 35
vV ¢.06-0,12

(a) In carbon~deoxidized steel, 0.10%
maximum silicon was specified,

Heat Treatment,
Austenitize 1475 F, 1 hour, oil quench
Refrigerate at -100 F for 2 hours

Double temper 2 hours each at 400 F, air cool.
Mechanical Properties (All Three Classes).

Mechanical Property

Yield strength, ksi 240 {(min)
Ultimate tensile strength, ksi 265 {min)
Reduction of area, percent 20 (min)
Elongation, percent 7 (min)

Magnetic-Particle Inspection,

Class I Class II -~ Class III
AMS Step-Down Test 2301-A 2300-A 2300-A
Frequency/Severity (1.00/0,75) 0.50/1. 00 0.50/1.00

Rating (F/S)
Microcleanliness (J-K Rating to ASTM E45-61),

Inclusion Ratings (Worst Field)

Inclusion Class I Class II Class III
Type Thin Heavy Thin Heavy Thin Heavy
A 2.0 1.5 1.5 1.0 1.5 1.0
B 2.5 1.5 1.5 1.0 1.5 1.0
C 2.0 1.5 1.5 1.0 1.5 1.0
D 2,5 1.5 2.0 1.5 2,0 1.5
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Other Qualifying Tests

Slices were cut from the top and bottom of all the billets used in the program.
The slices were deep etched in hot acid and the subsequent macroexamination indicated
that all were sound and of acceptable quality with respecttio segregation, soundness, etc.
All the billets were ultrasonically inspected,

ABBREVIATIONS

Frequent repetition of a number of terms has made it convenient to use abbrevia-
tions in the text. These are listed below.

(1)

(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)

(200), (250), or (300) after steel designation - Nominal yield strength
in 1000 pounds per square inch

AM - Air melt

VAR - Vacuum-arc remelt

AM-D - Air melt plus induction-stirred-ladle vacuum degassing
ISLVD - Induction-stirred ladle-vacuum degassed

ESER - Electroslag remelt

5i/Al-DOX - Silicon-aluminum deoxidation

C-DOX - Carbon deoxidation

HAZ - Heat-affected zone

TIG - Tungsten-arc inert-gas welding process

RCS - Round-cornered square billet

PCC - Precracked Charpy impact specimen

PTC - Partial-thickness-crack (fracture-toughness testing).

HEATS PRODUCED FOR THE PROGRAM

Table 1 summmarizes the general processing procedures employed for the various
heats produced for use in the program, and Table 2 lists the results of chemical
analyses performed on samples taken from the billets,
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TABLE 1. SUMMARY OF THE GENERAL PROCESSING PROCEDURES PRODUCED FOR THE VARIOUS HEATS
EMPLOYED IN THE PROGRAM

Heat No., Grade Size, tons Source Melting Practices

08749 18Ni (300) 2 Vanadium-Alloys Steel Company Air melted plus vacuum-arc remelted

3321284 18Ni (300 70 Republic Steel Corporation Air melted

X53201 18Ni (250) g5(2) United States Steel Corporation Alr melted

X53088 85(a)

3321290 18Ni (250) 70 Republic Steel Corporation Air melted plus induction-stirred
ladle-vacuuin degassed

3960882 18Ni (250) 13 Republic Steel Corporation Air melted plus vacuum-are remelted

3920864 4

3920872 4

3920873 4

3930871 2

C-425 18Ni (250) 4 Firth Sterling Air melted plus electroslag remelted

E-5565 INi-4Co (200) 18 Standard Steel Air melted with silicon/aluminom
deoxidation '

3920835 9Ni-4Co (200) 4 Republic Steel remelt Air melted with silicon/aluminum
deoxidation plus vacuum-atc
remelting

3920795 9Ni-4Co (250) 4 Republic Steel remelt Air melted plus carbon deoxidation
during vacuum-arc remelting

3321246 9Ni-4Co (250) 70 Republic Steel Corporation Air melted with silicon/aluminum
deoxidation plus induction-stirred-
ladle vacuum degassing

3920851 9Ni-4Co (250) 4 Republic Steel Corporation Air melted with silicon/aluminum
deoxidation plus vacuum-arc
remelted

3920862 9Ni-4Co (250) 4 Republic Steel Corporation Alr melted plus carbon deoxidation
during vacuum-=-arc remelting

3321262 9Ni-4Co (250) 70 Republic Steel Corporation Air melted plus carbon deoxidation

during induction-sitrred-ladle
vacuum degassing

—

p—

{a) Ouly a small fraction of the heat was purchased for the program,
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Sources of the Materials

Most of the steel used in the program was produced by Republic Steel Corporation,
Some additional material was purchased from other steel producers to permit a compar-
ison to be madé of the properties of similar products made at various steel mills and to
determine whether the results of the evaluations performed were limited to the product
of a single producer, The other steel companies that produced material for the pro-
gram, together with a description of the processing used, are indicated in the following
paragraphs, '

United States Steel Corporation, Duquesne Works, produced an air-melted 36 x
36-inch bloom ingot of 18Ni (250) steel from the 85-ton Heat No. 53201, It was forged
to 11 inches square and machine conditioned to 10 inches square before shipment to
Republic Steel Corporation, The steel conformed to Specification RSC-AF-1 Class I.
Part of an additional 85-ton heat, Heat No, 53088, was also supplied by U. S. Steel
Corporation to Republic Steel Corporation as 3/4-inch plate and further processed to
3 /8-inch plate and 0,045 and 0. 160-inch plate by Republic.

Vanadium-Alloys Steel Company, Latrobe, Pennsylvania, produced Heat No,
08749 as a 20-inch-diameter, 4,275-pound vacuum-arc-remelted ingot of 18Ni (300}
steel conforming to Specification RSC-AF-1 Class III. Part of the ingot was shipped
to Republic as an 8 by 16-inch billet, and part as 0. 045-inch and 0, 160-inch-thick
sheet,

Lebanon Steel Foundry, Lebanon, Pennsylvania, produced Heat No. W-1443 of
9Ni-4Co (200) steel. It was made in a 5-ton electric furnace to melting specifications
supplied by Republic, No silicon or aluminum was used to deoxidize the steel, and the
entire heat was poured as "open' steel into a 21-inch-diameter by 9, 500-pound
electrode-ingot mold, The electrode ingot was then vacuum-arc remelted by Republic
Steel to produce the 24-inch-diameter by 8, 500-pound ingot, Heat No, 3920795, Dur-
ing the vacuum-arc-remelt process, the steel was deoxidized by the carbon-oxygen
reaction, The heat conformed to Specification RSC-AF-2A Class III.

Standard Steel Division of Baldwin-Lima-Hamilton Corporation at Burnham,
Pennsylvania, produced Heat No. E-5565 of 9Ni-4Co (200) steel in a 15-ton electric
furnace to melting specifications and practices supplied by Republic Steel, The heat
was melted in air and deoxidized with silicon and aluminum additions in the furnace and
ladle, It conformed to Specification RSC-AF-2A Class I. One 25 x 27-inch by 12,000-
pound and one 21-inch-diameter by 9,500-pound electrode ingot were cast, The 25 x
27-inch ingot was processed and tested as an air-melt heat. The electrode ingot was
vacuum-arc remelted by Republic Steel to produce the 24-inch-diameter by 8, 500-
pound ingot (Heat 3920835), which conformed to Specification RSC-AF-2A Class II.

Firth Sterling, Incorporated, Pittsburgh, Pennsylvania, provided Heat C-425
(ESR) of 18Ni (250) steel conforming to Specification RSC-AF-~1 Class II, It was pre-
pared from two 14-inch-diameter x 4, 000-pound electrodes forged from an air-melt
25 x 27-inch ingot from Heat 3321290 produced by Republic Steel Corporation. The
electrodes were electroslag arc remelted (ESR) by Firth Sterling to produce one 20-
inch-diameter x 8, 000-pound (nominal weight) ingot, which was identified as Heat
C-425 (ESR). The ESR ingot was forged by Republic Steel to a 16 x 8-inch billet for
subsequent testing.
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Melting Procedures

An important objective of the work was to determine the most desirable melting
and processing procedures for the production of the 18Ni maraging and 9Ni-4Co quench
and temper steels. To provide material for evaluating the influence of various melt-
ing practices and processing techniques upon the mechanical properties and reliability
of the steels, heats were prepared by the practices listed below, They were:

(1) Air melted in basic electric furnace (AM)

(2) Air melted and induction-stirred-ladle vacuum degassed (AM-D)

(3) Remelted in vacuum consumable-electrode arc furnace (VAR)

(4) Electroslag remelted in consumable electric-arc furnace (ESR).

Practices were varied to include silicon-aluminum deoxidation of both air—rhelted
and vacuum-arc-remelted steels and carbon deoxidation during vacuum degassing and
vacuum-arc remelting, The steels were cast into ingot molds of various sizes to pro-

vide material for subsequent processing and also to determine the influence of ingot
size upon the metallurgical structures and mechanical properties of thick plate.

Seventy-Ton Electric-Arc~-Furnace Practice

Both the 18Ni maraging steel and the 9Ni-4Co steel were melted by Republic
Steel in a 70-ton electric furnace, Scrap charges for the first 70-ton heat of the
maraging and the quench and temper steels were normal for aircraft-quality alloy
material melted to low phosphorus and sulfur contents. Scrap charges for subsequent
70-ton heats of the two grades of steels were made up of surplus steel from preceding
heats produced for the program, plus the additional low-phosphorus light scrap needed
to make up the charge,

The 70-ton heats were melted down under a normal lime-spar oxidizing slag,.
When the charge was completely melted, iron ore or roll scale was added to promote
early active oxidation, After periodic flushing and remaking of the slags, the heats
were blown with dry, gaseous oxygen to reduce the carbon contents to the desired levels
of 0,02 percent or less for the 18Ni steels and approximately 0. 10 percent below speci-
fication for the 9Ni-4Co steels, The lime-spar slags were then removed and finishing
slags made up to aid in desulfurization and deoxidation.

The 18Ni maraging steels were finished under a lime-alumina slag, During the
finishing period, sulfur was reduced to about 0, 006 percent or less before final
chemistry adjustments were made, The slag was then reshaped and the bath tempera-
ture adjusted. At this point, the 18Ni Heat No. 3321290 was transferred to the vacuum-
degassing ladle, then deoxidized with Ca, Zr, and B before pouring. The other 70-ton
18Ni Heat No. 3321284 was partially deoxidized in the furnace by additions of Zr, Ca,
and B, preparatory to subsequent remelting in the vacuum-arc furnace.

The 9Ni-4Co (250)-grade steels were finished under a carbide slag. This applied
to both conventional silicon-aluminum-deoxidation and to carbon-deoxidation practices.
After the slag was formed, the alloy composition was adjusted to melting specifications,
For the silicon-aluminum heat (Heat No. 3321246), the silicon was added in the furnace
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and the bath temperature adjusted for tapping. The heat was then transferred to the
induction-stirred vacuum-degassing ladle, Aluminum was added to the ladle just
prior to teeming. For the carbon-deoxidized heat (3321262) the carbide-type slag was
made only mildly reducing, No deoxidizers were added in the furnace, with the result
that the melt had a relatively high oxygen content at the time it was introduced into the
degassing ladle,

All four of the 70-ton heats made at Republic were teemed under an argon shield,
Details on the ingot sizes produced from four 70-ton heats are given below.

Heat No, 3321290 - 18Ni (250) (ISLVD) steel, The scrap charge for this heat was
of 18N1 (300) steel grade. The heat was air melted, then poured utilizing Republicts
induction- stirred-ladle vacuum-degassing procedure, Steel was cast into two 43-inch x
23, 000-pound octagon ingots, four 25 x 27-inch x 12, 000-pound ingots, one 28-inch-
diameter x 25, 000-pound, and three 21-inch-diameter x 9, 000-pound electrode ingots.

Heat No. 3321284 - 18Ni (300)(AM) steel. The heat was air melted from a scrap
charge of 18Ni (300) steel. It was cast into three Z1-inch-diameter x 9, 000-pound
electrode ingots,

Heat No, 3321246 - 9Ni-4Co {250){Si/Al-DOX) steel. The scrap charge was
normal for aircraft-quality alloy steel. The heat was silicon '"blocked' in the furnace,
then vacuum degassed. A small aluminum addition was made to the ladle just prior to
teeming. Two 24 x 27-inch x 12, 000-pound ingots and one 21-inch-diameter x 9, 000-
pound electrode ingot were cast,

Heat No, 3321262 - 9Ni-4Co (250)(C-DOX) steel, The scrap charge was 9Ni-4Co
{250) steel. The heat was poured in the "open' condition and deoxidized by the carbon
reaction in the ladle degasser. Two 24 x 27-inch x 12,000-pound ingots and one 21-
inch-diameter x 9, 000-pound electrode ingot were cast,

Vacuum-Arc Remelti&&

A number of electrode ingots were remelted in a consumable-electrode vacuum-
arc furnace, The effect on gas content (Hp, N3, and Op) is indicated below.

Gas Content, ppm

Heat No. Steel Grade and Melting Practice H> Ny O,
E-5565 9Ni-4Co (200) AM-Si/Al-DOX 0.2 32 70
3920835 9Ni-4Co (200) VAR (Parent Heat No, E-5565) 0.1 4 12
3321246 9Ni-4Co (250) AM-D-Si/Al-DOX 0.2 24 20
3920851 9Ni-4Co (250) VAR (Parent Heat No, 3321246) 0.2 16 4
3321290 18Ni {250) AM-D 1.3 16 8
3920865 18Ni {250) VAR (Parent Heat No. 3321290) 0.9 11 9
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It is evident that the oxygen and nitrogen contents were lowered substantially
during the vacuum-arc remelting of the two 9Ni-4Co steels. Vacuum-arc remelting
had little effect on the 18Ni steel, presumably because of its low carbon content,

The following consumable-electrode vacuum-arc-remelted heats were preparcd
by Republic;

Ingot Size
Heat No, Grade Parent Heat No. Diameter, in. Weight, 1b
3920852 INi-4Co (250) 3321262 24 8,500
3920851 ONi-4Co (250} 3321246 24 8,000
3920795 9Ni-4Co (200) W-1443 24 8,500
3920835 9Ni-4Co (200} E-5565 24 8,500
3920864 18Ni (250) 3321290 24 8,500
3960882 18Ni (250) 3321290 32 25,000
3920872 18Ni (250) 3321290 24 8,500
3930871 18Ni (250) 3321290 18 4,500
3920873 18Ni (250) 3321290 24 8,500

Electroslag Remelting Practice

One ingot, Heat No. C-425, was prepared by Firth Sterling, Incorporated, using
the electroslag process. In the preparation of this ingot, two l14-inch-diameter ingots
from Heat No. 3321290 were remelted under a conductive slag in a consumable-
electrode arc furnace, The process afforded the advantage of limited alloy adjustment
but did not provide for degassing since melting was done without vacuum.

Post-Teeming Treatment. The 18Ni maraging steel ingots were not given a post-
teeming treatment, Experience at Republic Steel with electrode ingots of this grade of
steel showed them not to be subject to cracking when air cooled after stripping from the
ingot molds. This freedom from cracking was attributed to the softness of the marten-
site formed on transformation during cooling. Ingots were stripped from the molds 3
to 8 hours after teeming and then permitted to air cool to room temperature.

On the other hand, the 9Ni-4Co (250) ingots required post-teeming treatment to
minimize the probability of cracking from thermal stresses and structural changes,
Ingots of the steel were stripped from the molds 3 hours after teeming and cycle cooled
by (1) soaking at 1250 F for 20 hours, {2) furnace cooling to 1000 F, and (3} air cooling
to room temperature,

The electrode ingots cast from air-melted 9Ni-4Co steel, however, were not
given a post-teeming treatment since crack defects were not considered detrimental to
remelting, Such ingots were held in the mold for a minimum of 2 hours, then stripped
and conditioned for vacuum-arc remelting,

The 9Ni-4Co (200) air-melt ingot (Heat No. E-5565) produced by Standard Steel
was reported to have been cycle cooled by soaking at 1550 F for 5 hours, cooling at
50 F/hr to 1100 F, soaking at 1100 F for 5 hours, cooling at 50 F/hr to 200 F, and air
cooling to rocom temperature,
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QUALIFYING- TEST RESULTS

Ingots from ten of the heats listed in Table 1 were forged to 8 x 16-inch billets,
and material cut from these billets was used for the qualifying tests described previ-
ously. In addition, specimens cut from the 10-inch-square billet of Heat No, X53201
supplied by U, S, Steel were subjected to the qualifying tests, The 1] billets were sub-
jected to ultrasonic inspection., The billet from Heat No, E5565 was found to be
cracked, However, it was possible to crop the billet to sound metal and proceed with
the testing, Transverse slices cut from the billets were déep etched, and all 11 were
found to be satisfactory, Other slices cut from the billets were reforged to 5-inch
squares, and the 5-inch squares were then cut up for tensile tests, chemical analysis,
gas analysis, microcleanliness, magnetic-particle inspectlon, Jominy hardenability
testing, and grain-size determination, Results of the cherhical analysis were presented
in the previous section as Table 2,

Tensile-test results are summarized in Table 3. It lnay be noted from Table 3
that the tests on Heats No, 08749, No, 3321246, and No, 3920851 did not meet the
specified ductility under all conditions, Heats No, C425 and No, X53201 failed by a
small amount to meet the specified strength. Since there was no assurance that re-
making the heats would result in better properties, the heats were accepted in spite of
the deviations,

Magnetic-particle and microcleanliness tests for the 11 billets fell within the
specification with one exception. Heat No. E5565, upon magnetic particle inspection,
had a frequency-severity rating slightly above the specification, Its rating for Type B
and D inclusions in the microcleanliness test was also slightly outside the limits of the
specification, Neither of these deficiencies was considered sufficiently important to
justify remaking the heat, however,

INGOT FORGING

Except for the steel supplied by U, S. Steel Corporation and Vanadium-Alloy Steel
Company, ingot breakdown was done on Republic's 3000-tén Birdsboro forging press
located in Canton, Ohio.

18Ni-Steel

Based on the initial literature survey and prior experience with maraging steels,
the following processing was specified for all three classes of this material:
{1) Preheat to 1200 F

{2) Heat to 2250 F and soak for sufficient time to achieve
temperature uniformity

(3} Forge until cooled to 1700 to 1900 F
(4) Reheat as needed to 2200 to 2250 F
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{5) Finish forging at 1700 to 1900 F
(6) Air cool,

The above schedule was used without difficulty in forging several 8 x 16-inch
billets by Republic, by U. S. Steel Corporation in producing the 10-inch-square billet
of Heat No, X53201 and by Vanadium-Alloy Steel Company in producing the 8 x 16-inch
billet from Heat No. 08749, However, cracking was encountered in producing two 30-
inch, round-cornered-square {RCS) blooms forged by Republic from two 43-inch ingots
of Heat No, 3321290, Previous to this, a 25 by 27-inch ingot from this same heat had
been forged to an 8 x 16-inch billet without difficulty, The development of cracks in
the 30-inch RCS blooms caused Republic to undertake a detailed examination of the
cracked blooms, It was concluded that the cracking was the result of a combination of
transformation and thermal stress plus a small degree of hydrogen embrittlement, On
the basis of this examination, the following revisions were made in heating and cooling
associated with ingot forging: '

{1} Heat to 2300 F (rather than 2250 F) and soak for a minimum
of 3 hours

{2) Use ingots large enough to permit at least a 3 to 1 reduction
in cross section '

(3) Air cool to 1200 F, then bury in vermiculite until the bi_llet
or bloom reaches a temperature of 200 F

(4) Heat to 300 to 500 F for approximately 36 hours before
grinding or stocking.

After these changes in ingot forging were placed into effect, no further difficulty
was encountered in forging the 18Ni steels,

9Ni-4Co Steel

The initial practice specified for forging (including ingot breakdown) of all three
classes of 9Ni-4Co steel was based on Republic's previous experience with vacuum-
arc-remelted steel and the literature survey conducted as the first phase of the program,
It called for:

(1) Preheating to 1200 F

(2) Heating to 2050 F and scaking

(3) Forging to size, reheating as required

{(4) Burying in vermiculite until cooled to at least 300 F

(5} Air cooling,

It was found that cracks were likely to develop during the initial breakdown when
this practice was followed, The practice was changed to the following:

(1) Surface conditioning the ingot by grinding

(2) Preheating to 1200 F
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(3) Heating to 2200 F and soaking
(4) Forging to size, reheating to 2050 F as required

|
(5) Burying in vermiculite until cooled to at least 300 F

(6) Air ¢ooling,

After making these revisions in the practice, no further cracking was experienced,

Flame-Cutting Experiments on
18Ni Billets

During processing of the 18Ni-maraging steels for gualification purposes, macro-
etch sections through flame cut surfaces showed extensive cracking in both the 8-inch x
16-inch billets and the 5-inch-square reforged test samples taken from the top and
bottom of the air-melted Heat No, 3321290, Later, similar cracks were observed in
specimens from air-melted Heat No, 53201, These observations led to a series of
tests to establish procedures that would eliminate cracking, Three approaches were
followed:

(1) Heating to 250 F, 450 F, and 650 F and flame-cutting while
the 5-inch test specimens were at these temperatures

{2) Heating to 1100 F and cooling to room temperature prior
to flame cutting

(3) Flame cutting as the sample cooled from 1500 F,

The results indicated that preheating to 650 F or less was ineffective in preventing
cracking, No cracking was observed when the specimens were heated to 1100 F, then
cooled to room temperature before cutting, nor when specimens were cut while cooling
from 1500 F, Flame cutting while the steel is several hundred degrees above room
temperature introduces difficulties, and for this reason pretreatment at 1100 F was
considered the more practical solution. In later work, the 18Ni steel was flame cut
only after having been given a pretreatment at 1100 F. Most specimens were saw cut.

FORGEABILITY EVALUATIONS

Two separate but related investigations on forgeability were conducted, One was
concerned with the effect of finishing temperature and the other was concerned with the
effect of degree of reduction,

Forging Finishing- Temperature Study

The forging temperature studies were performed at Republic Steel Corporation,
on machined 4-inch-square x 5-inch blanks cut from 8 x 16-inch section billets of the
18Ni and 9Ni-4Co alloy steels, They were upset forged in a 500-ton press to
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l-inch-thick pancakes in a single operation within 1 minute after the steel was re-
moved from the furnaces, Upsetting was done at 50 F increments from 1750 F to

2000 F', These temperatures were selected as below those for ingot forging and charac-
teristic of finishing temperatures for production forging, The forged pancakes of the
18Ni steels were air cooled from the forging temperatures; those from the 9Ni-4Co
steels were slowly cooled by burying them in vermiculite,

Evaluation of the upset pancakes included the following tests:

(1} Visual examination of pancakes
{2) Macroetch of upset sections
(3) Microscopic examination

{4) Tensile tests (radial direction)

(5) Fracture toughness tests (precracked Charpy-radial direction).

Macroscopic and Microscopic Examinations

Visual examination of the as-forged pancakes revealed no abnormal surface dis-
continuities, such as surface and edge ruptures, for any of the steels, Similarly, the
deep-etched macro specimens cut from the as-forged pancakes did not exhibit any sig-
nificant differences except in the case of those from the 9Ni-4Co AM steel {rom Heat
No. 5565, Some of these pancakes contained cracks, but the cracking did not correlate
with forging temperature, A tendency to crack had been apparent in all forging opera-
tions of Heat No, E5565, beginning with the initial ingot breakdown, However, no diffi-
culties were encountered in forging vacuum-arc-remelted steel (Heat No, 3920835),
from parent Heat No, E5565, or with the 0, 45 percent carbon, 9Ni-4Co(250) AM-Si/Al-
Dox steel {Heat No, 3921246). It was therefore suggested that the tendency to cracking
of Heat E5565 was a characteristic of that specific heat and not a characteristic of the
steel grade,

An excellent correlation of as-forged grain size with the pancake forging tempera-
ture was observed for the 18Ni steels, A fibrous microstructure with greatly elongated
grains was produced at 1750 F and 1800 F, At 1850 F, the structure was a mixture of
equiaxed and elongated grains, At 1900 F and higher, the grain structure was com-
pletely equiaxed in both the radial and tangential directions, Rapid grain growth be-
tween 1950 F and 2000 F was indicated by the large grain size of pancakes forged at
2000 F,

A correlation of microstructure with finish forging temperatures of the 9Ni-4Co
steels was not so marked as it was for the 18Ni steels, The fibrous elongated grain
structure so evident in some 18Ni disks was not found in any of the 9Ni-4Co pancakes,
even those forged at 1750 F. A gradual structure coarsening occurred in pancakes
forged between 1750 F and 1950 F, while rapid structure coarsening occurred between
1950 F and 2000 F, The tests suggested that there might be some advantage in not per-
mitting the finishing temperature to exceed 1950 F,
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Tensile-Test Properties

The tensile properties were determined from specimens oriented radially in the
pancakes after being heat treated as required by Specifications RSC-AF-1, ZA and 3A,
A significant improvement in the ductilities of the materials tested was obhserved as
compared with ductility values obtained earlier on the materials during the gqualifica-
tion tests,

The tensile~test results for the 18Ni steels revealed no significant variations of
strengths and ductilities as related to the temperature at which the pancake was upset,
Microscopic examination of test specimens showed that the as-forged microstructures
of the steels were not radically altered by the heat treatment specified, The tensile-
test results for the 9Ni-4Co steels likewise did not reveal significant variations of
strengths and ductilities as related to forging finishing temperatures,

Fracture-Toughness Tests

Precracked Charpy impact tests were conducted on specimens removed from the
forged pancakes with the thought that they might provide a more sensitive indication of
the influence of forging finishing temperatures upon the properties of the 18Ni and
9Ni-4Co steels. Duplicate test specimens were tested, Some of the specimens were
cut with the fatigue crack lying in a radial plane of the forged coupon and some with the
fatigue crack in a tangential plane, In a few cases, radial and tangential tests were
cut from the same ¢oupon, The results were reported as W/A data (energy absorbed
divided by the uncracked area),

The only differences in precracked-Charpy values for forged coupons was found
to have a high degree of probability of being statistically significant were those for the
three heats of 9Ni-4Co(200) steels, The data are summarized below:

Heat No, Processing W/A(a}, in, -1b/in, &
E5565 Am-Si/Al-DOX 1320
3920835 S5i/Al-DOX-VAR 2050
3920795 VAR-C-DOX 3760

{a) Each value is the average of 12 tests. Two specimens were cut
from each of a series of 6 forging coupons made on each heat.

Heat No, 3920795 was first melted by Lebanon Steel Foundry as a 5-ton electric furnace
Heat No. W1443 and cast as '""open' steel (no deoxidation of any kind} into a 9, 500-1b
ingot. The ingot was remelted by Republic in a vacuum-arc furnace, with only carbon
deoxidation, The final ingot contained less than 0, 01 percent, Heat No, 3920835 was
made by remelting one ingot of air-melted Heat No. 5565 (Standard Steel) in Republic's
vacuum-arc furnace. Heat No, 5565 contained 0, 30 percent Si and 0, 03 percent Al,

and the remelted ingot (Heat 3920835) contained 0, 28 percent Si and 0. 02 percent Al,
The results suggest that fracture toughness is improved by vacuum-arc remelting and
that silicon and aluminum additions should be avoided, The three heats of 9Ni-4Co(250)
{0, 45 percent carbon} exhibited a similar but less pronounced trend.
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Finishing Temperatures

The forging~temperature tests on the coupons described in the foregoing para-
graphs led to the selection of the following finishing temperatures for later forging-
reduction studies and for later sheet and plate studies:

(1) 18Ni steel, either air melted or vacuum degassed, was to be
finished at 1900 to 1950 F

(2) 18Ni steel, vacuum arc rem'elted, wasg to be finished at
1850 to 1900 F

(3) 9Ni-4Co steel, of all types, was to be finished at 1900 to 1950 F,

Forging-Reduction Studies

The forging-reduction studies, conducted by General Dynamics/Fort Worth under
subcontract to Republic Steel Corporation, were designed to determine the minimum
amount of hot working required at the finishing temperature as well as the best melting
practice to provide maximum reproducible mechanical and fracture-toughness proper-
ties in production-forged parts, Three percentages of hot working — 25, 50, and 75
percent — were investigated, Results of the study were evaluated on the basis of
room-temperature tensile properties, fracture toughness at room temperature and
-65 F, impact properties at -65 F, and metallographic studies,

Materials

The four steel alloys were received at General Dynamics in the form of 3 sizes of
forged billets, A total of 27 billets, representing 9 heats of steel, were evaluated,
The billets were flat plate forgings nominally 16 inches wide in random lengths, and
were 2, 4, and b inches thick, The three thicknesses represented hot-forging reduc-
tions from the original 8 x 16-inch cross sections of 75, 50, and 25 percent, respec-
tively, The 9 heats used in this part of the program, along with the grade designation
and ingot size, were as follows:

Code Heat No, Grade Ingot Size
A 3920795 9Ni-4Co(200) VAR-C-DOX 24=inch diameter
B E5565 9Ni-4Co{ 200) AM-Si/Al-DOX 25 x 27 inches
C 3920835 9Ni-4Co(200) VAR 24-inch diameter
D 3920852 9Ni-4Co{250) VAR-C-DOX 24-inch diameter
E 3321246 9Ni-4Co(250) AM-Si/Al-DOX 25 x 27 inches
F 3920851 9Ni-4Co(250) VAR 24-inch diameter
G 3321290 18Ni (250) AM-D 25 x 27 inches
H 3920864 18Ni (250) VAR 24-inch diameter
J 08749 18N1i (300) VAR 20-inch diameter

All of the specimens of each grade of steel were heat treated prior to evaluation
as prescribed by Republic Steel Corporation on the basis of previous studies in this
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program. The 18Ni maraging steel was solution annealed at 1500 F for 1 hour per
inch of minimum thickness, After the test specimens were finish machined, they were
aged at 925 F for 3 hours, ‘

The 9Ni-4Co(250) steel was evaluated in two different heat-treated conditions, a
martensitic and bainitic condition, The martensitic condition was designed to produce
a very high yield strength, approximately 250 ksi. The bainitic heat treatment was in-
tended to improve toughness while maintaining an ultimate strength of about 260 ksi,

The martensitic heat treatment of the 9Ni-4Co(250) steel was accomplished as
follows:

(1} Austenitize 1 hour at 1475 F, gquench in warm oil (140 F)

(2) Refrigerate 2 hours at -100 F in Dry Ice~acetone mixture

(3) Temper 2 hours at 475 F

(4) Final machine or grind

{5) Temper 2 hours at 475 F,

The bainitic heat treatment was accomplished as follows for the 9Ni~-4Co(250)
steel:

(1) Austenitize 1 hour at 1475 F

(2) Quench into a molten-salt bath at 485 £ 10F and hold for 6 hours

{3) Air cool ~ no stress relief after final machining or grinding

of specimens,

The following heat treatment was used for the 9Ni-4Co(200) steel to achieve the
desired 200-ksi ultimate strength:

(1} Normalize | hour at 1650 F', air cool

(2) Austenitize I hour at 1550 F; quench in warm oil

(3) Double temper for 2 hours each at 1000 F,

Typical hardnesses produced after these heat treatments are given in Table 4 for
the steels produced by different melting practices, For each grade and condition, the

steels produced by vacuum-arc remelting {VAR) appear slightly softer., This may re-
sult from lower interstitial contents in these steels.

Tensile Properties

Tensile tests were conducted on 0, 252-inch-diameter specimens by procedures
satisfying requirements of Federal Test Method 151a, Method 211, 1, and ASTM EB8-61T.
The tests were made on a 120, 000-1b-capacity Baldwin Universal testing machine
equipped with a Model MA-1 load-deformation recorder, The Standard 0, 252-inch-
diameter specimens were load paced at 18,000 lb/min (approximately 90,000 psi/min)
to the yield point. Yield points were calculated by the 0, 2 percent offset method,
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TABLE 4. TYPICAL ROCKWELL C HARDNESSES OF THE 9Ni-4Co AND
18Ni-Co-Mo STEEL.S IN THE HEAT-TREATED CONDITION

e e e ————  ——— ———— —— T e

Alloy Melting Practice Code Hardness, Rockwell c(2)

ONi-4Co( 200) VAR-C-DOX A 42, 4
AM-8Si/Al-DOX B 44,0
AM-S8i/Al-DOX- VAR C 44,3

9Ni-4Co{250)  VAR-C-DOX D 51, 7
Bainite AM-Si/Al-DOX-ISLVD  E 51,9
Si/Al-DOX-VAR F 51,7

9Ni-4Co(250) VAR-C-DOX D 53.1
Martensite Si/Al-DOX-ISLVD E 54,1
Si/Al-DOX-VAR F 54, 2

18N1i(250) AM-ISLVD G 52.0
VAR H 51. 7

18Ni(300) VAR J 53.5

(a) Average of five tests; heat treatments are described in the text.

Data on the average mechanical properties of the 9INi-4Co and 18Ni-Co-Mo steels
are summarized in Table 5 for tests conducted at room temperature. These data cover
only the properties obtained for the optimum forging reduction for each steel, Table 6
compares the steels by grade relative to the air-melt practice, The properties of the
air-melted steels of each grade are rated 1, 00 and the properties of steels produced
by other melting practices are compared to the properties of the air-melted steels,

The values compared are the properties obtained with the optimum forging reduction
for the melt practice,

For the 9Ni-4Co(250) steels in the bainitic condition, the yield strengths are
lower than anticipated, Only the VAR-C-DOX steel attained a yield strength of 220 ksi;
the steels produced by other melting practices had lower yield strengths, Tensile
strengths for these steels are higher than 260 ksi, as can be seen in Tables 3 and 5,

In the martensitic condition, yield strengths of the 9Ni-4Co(250) steels ranged
from 243 to 256 ksi and tensile strengths from 280 to 297 ksi, The tensile and yield
strengths of the VAR-C-DOX steel (D), reduced 75 percent in finish forging, were
about 11 and 15 ksi lower, respectively, than either the Si/Al DOX-ISLVD(E) or
Si/Al-DOX-VAR(F) steels.

The yield-strength and ductility values of the 9Ni-4Co(200) steel produced by the
VAR-C-DOX melting practice (A) and reduced 25 percent in finish forging were higher
than those for steels produced either by AM-Si/Al-DOX (B) with 25 percent reduction
or Si/Al-DOX- VAR (C) with 75 percent reduction, Tensile strength of the VAR-C-DOX
steel (A), however, is lower than that of the other two steels,

A combination of VAR steel (H) and 75 percent reduction in finish forging produced

significantly higher yield and tensile strengths in the 18Ni(250} steel than was obtained
by AM-ISLVD (G) melting practice. Ductilities of the two steels were very nearly equal,
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TABLE 5.

AVERAGE MECHANICAL FROPERTIES OF SNi-4Co AND

—_——

e

e

Best Longitudinal
Forging Elongation, Reduction
Melt Reduction, Fty, Fu, percent in in Area,  Impact(®),
Material Code Practice percent ksi ksi 2 in. percent ft-1b
ONi-4Co(250)
Bainite
Heat No. 3920852 D VAR-C-DOX 78 220.1 261.4 12.0 83.2 22.9
3321246 E 8i/Al-DOX- 50 213.3 263.6 12,0 41.9 15,6
ISLVD
3920851 F 8i/Al-DOX- 15 209.1 282.5 12.1 41,8 22.0
VAR
Martensite
Heat No, 3920852 D VAR-C-DOX 75 243.0 280,1 11,0 44,0 14.0
3321246 E Si/A1-DOX- 80 254.3 295,2 - 9.0 33.0 12.2
ISLVD
3920851 F Si/Al-DOX- 75 265,17 296.8 8.5 30.8 14.4
VAR
9Ni-4Co(200)
Heat No. 3920795 A VAR-C-DOX 25 175,9 191.6 18,2 66.9 50.8
EG665 B AM-8i/Al- ’5 166.4 202.9 15,3 48,5 20.3
DoX
3920835 C 8i/A1-DOX - 75 170,17 205.2 17,17 58,5 26,1
VAR
18Ni(250) :
Heat No. 3321280 G AM-ISLVD 75 255, 8 263, 2 9,5 46,0 14,7
3920864 H VAR 75 273.1 280, 5 8.2 45.3 16.7
1BNi(300)
Heat No, 08749 I VAR 75 2B3.7 287.9 9.2 45,9 16.1

{a) -65F.
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18Ni STEELS AS DETERMINED IN ROOM-TEMPERATURE TESTS

e

———

Transverse
Elongation, Reduction () .

Gper K, c(a)- Fty, Ftu, percent in in Area, Impact a Gper c(a)'
in, -1b/in.2 ksi fin. ksi hsi 2 in. percent ft-1b in. -1b/in.2 i fins
91,1 56.4 220,2 261.6 11,0 38,2 18.2 84,1 58.1
94.5 45,4 210,17 263.3 9.0 24,2 14,4 4.8 80.5
93,0 34,1 211.1 262.4 11,17 38.0 17.6 85, & 48. 4
74,1 49, 5 243,17 281.5 B.0 30.9 13.1 65. 5 46. 5
53.4 42,0 253,86 293.7 6.0 16,4 11.2 45,9 439
32.7 26.2 254, 1 296, 2 8.0 28.4 3.0 40.3 36.4
3060.9 99.8 178.3 192,8 7.5 61.9 43,1 2717.3 91.8
197,86 86.6 171,19 203, 1 13,0 38.6 19.3 152.0 ) 23.2
278, 8 88.8 171.8 206.8 16,0 51,9 26.1 190.7 84.3
129.1 82,0 259, 8 269.0 5,0 23,17 2.7 81.6 56.5
187,56 56. 5 296.7 284, 3 6,0 32.0 12,17 158.6 64 .4
153. 4 60.2 285.0 204, 0 8.5 26.3 11.1 136G. 4 50.6
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Fracture- Toughness Properties

The fracture toughness of the experimental steels was evaluated by the slow-bhend
specimen shown in Figure 1, The notch was located so that the fracture would propa-
gate in the transverse direction, Before testing the notched beams, a fatigue crack
was introduced at the base of the notch. At least 25,000 cycles were required by fa-
tigue loading at an R factor of 0, 5 to develop a crack 0, 075-inch deep. Thus, the notch
plus the crack reduced the thickness of the toughness specimen by 30 percent, '

90% + 30' TYP,
5.0 |
I GRINDING [ 500
| DIRECTION /=~ * 005
| A & | 500 '
2,500 —] 500 p—
I | + 005
010 + ,002R
NOTES:
l. GRIND AT LEAST ,010" OFF
EACH SIDE

2, GRIND TO 32 RMS
3. ARROW ON END OF SPECIMEN
* INDICATES SIDE TO NOTCH

L | SECTION A-A
45°
. +1°

FIGURE 1, FRACTURE-TOUGHNESS SPECIMEN

The fracture-toughness tests were conducted on a small Universal testing ma-
chine at a loading rate of 1000 lb/min using a manual pacer, The load-deformation
curves were recorded at a magnification of 250, A BLH-101M extensometer was used
to measure the deflection of the specimen, The test fixture consisted of a support with
a 4-inch span and a pin-swiveled single-loading head,

To provide data for correlating the slope of the load-deflection curves with the
depth of the crack at the initiation of crack propagation, a calibration curve was ob-
tained for each alloy investigated. The calibration curves were determined on indi-
vidual bars, within their elastic limits, with notch depths known to £0, 0005 inch, The
45 degree notches had a radius of 0,010 inch and varied in depth from 0, 100 to 0, 275
inch in 0, 025-inch increments,

From the load-deflection curves on the calibration bars, the spring constant '"M"
was determined for a particular crack depth, The ""M" value is necessary for applying
the Irwin Equation™® for fracture toughness, which is:

G =3 (P/B)2 d/da (B/M) . (1)

*Irwin, G. R., et al,, "Fracture Strengths Relative to Onset and Arrest of Crack Propagation”, NRL Report 5222 (November 28,
1958).
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To obtain the differential of the calibration curve for a particular crack depth, a, it is
necessary to obtain the equation of the curve, The equations of the various calibration
curves were determined by using a cornputer programmed for the Least Squares
Method of regression analysis. The quadratic equations had the general form:

Y=AX2+BX+C . (2)

The calibration equation coefficients for each material investigated in this Phase III of
the study are given in Table 7. It shows that the coefficients are influenced by speci-
men orientation, the short-transverse grain direction having higher coefficients,

TABLE 7. CALIBRATION-EQUATION COEFFICIENTS FOR 1/2 x 1/2-INCH NOTCH-
BEND FRACTURE-TOUGHNESS SPECIMENS — THREE POINT

LOADING{a)
——_ ———— — — e —
Elastic
Modulus
Grain A 6 B C Poisson's (E)
Material Direction x 10” x 10-6 x 10~ Ratio x 107© psi
9Ni-4Co(250)  Long. 159,996  -26.006  6,28105 0.33 29,5
Bainite Trans 182, 408 -34,472 6. 87838
9Ni-4Co(250)  Long. 178,373 -32,6203  6,74422 0. 33 29, 5
Martensite Trans 166,913 -28, 8485 6,473606
9Ni-4Co{200) Long. 160,513 - 26, 8059 6. 18458 0, 33 29,5
Trans 189, 894 -37, 5429 6, 78538
18Ni{300) Liong, 169, 888 - 28, 3865 6.54070 0. 30 27.5
Trans 171, 420 -29.9692 6, 68479
18Ni{250) Liong, 186, 265 - 34, 5449 7.13333 0, 30 26,5
Trans 193,612 -37.4985 7.28112

(a) Calibration curve form: B/M = Aa“ + Ba + G; span to width ratio: 8:1.

A FORTRAN IV computer model was programmed to provide the following in-
‘formation about fracture-toughness characteristics:

a] Effective crack depth at initiation of crack propagation

a, Effective crack depth at initiation of rapid fracture

Gpc Crack-extension force, in,~1b/in, 2 (Determined from load at pro-
portional limit and effective crack depth)

*Gc Approximate critical crack extension force, in,-1b/in, 2 (Determined
from maximum load and effective crack depth at cnset of rapid
failure)

K,c Opening mode, stress-intensity factor, ksiVin,
*K, Approximate critical stress-intensity factor, ksiVin,

The terms G__ and K were used instead of the customary symbols G;. and K. to
call attention to the uncertainties in determining the load at which crack instability first
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occurred, That "pop-in" load is usually assumed to be the proportional limit, In this
work, however, the pop-in loads were appreciably higher than the proportional limit.
The data for two steels shown in Figure 2 illustrate this behavior, For consistency,
the loads at the proportional limit were used in calculations, This means that Gy and
K¢ values were conservative; they were calculated from Irwin's formula, given below:

Ppc 2
G = 1/2( 3% d/aa (B/My) (3)
and
E Gnc
K o= —
nc 4
1 - V2
where

Load at proportional limit, lb

B Specimen width, in,

M, Initial load-deflection slope, 1lb/in.
v Poisson's ratio

E Elastic modulus, lb/in, x 106

The data on fracture toughness are summarized in Tables 5 and 6. All the
fracture-toughness values for the 9Ni-4Co(250) steels in the bainitic condition are
lower than anticipated. Highest values were obtained with the VAR-C-DOX steel,

For the 9Ni-4Co{250) steels in the martensitic condition, the fracture-toughness
values are also lower than those previously determined for this grade, Higher and
more consistent values of fracture toughness were obtained in the VAR-C-DOX steel
than in the Si/Al-DOX-VAR steel,

The fracture-toughness values for the 9Ni-4Co{200) steels also are lower than
were previously determined for this grade by other investigators., It appears that the
1/2 x 1/2-inch slow-notch-bend specimens did not have a sufficiently large cross sec-
tion to permit a valid evaluation of a material having a fracture toughness as high as
this grade of steel., Consequently, the values reported are believed to have only qualita-
tive, rather than quanitative significance,

Fracture-toughness values reported for the 18Ni-Co-Mo(250) steel produced by

vacuum-arc remelting are much higher than those produced by air melting with the
induction- stirred-ladle vacuum~degassing melting practice,

Impact Properties

Impact tests were performed on standard V-Notch Charpy specimens at -65 F
using a Riehle Model PI-2 impact-testing machine that met the requirements for
ASTM E23-64, The low~capacity (30 to 60 ft-1b) hammer was adequate for all steels
except the 9Ni-4Co{200) steel (A), which required the intermediate-capacity (60 to
120 ft-1b} hammer,
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Specimens were cooled to -65 F £3 F in a Dr'yr Ice-acetone bath, The chilled
specimens were handled with tongs chilled to -65 F, Temperature was monitored by
means of a thermocouple attached to one of the specimens,

The impact data also are summarized in Tables 5 and 6, For the 9Ni-4Co(250)
steel in the bainitic condition, impact properties greater than 15 ft-1b at -65 F were ob-
tained in both the longltudmal and transverse directions for steels reduced 75 percent
produced either by the 5i/Al-DOX- VAR melting practice or the VAR-C-DOC practice.
All steels of this grade in the martensitic condition had impact strengths lower than
15 ft-1b at -65 F,

Significant improvement (up to 150 percent) in impact properties at -65 F of the
9Ni-4Co(200) steel produced by VAR-C-DOX melting practice were noted over the same
grade of steel made by the AM-Si/Al-DOX practice, This grade of steel had higher im-
pact strengths than any of the steels studied in the present evaluation program,

None of the 18Ni maraging steels evaluatéd in this program had impact values at
-65 F in the transverse direction as high as thé minimum acceptable value of 15 ft-lb.
In the longitudinal direction, steels produced by the VAR practice exceeded the 15-ft-1b
minimum; the steel produced by the AM-ISLVD practice, reduced an equal amount (75
percent) in finish forging, was slightly below this minimum value.

Metallographic Examination

Macrosections, representing the complete cross section of each b111et were deep
etched under the following conditions:

9Ni-4Co(200) and 250 Steels 50% HCl at 155 F for 1 hr

18Ni{250) and {300) maraging Steels swabbed with 20 cc HF + 14 cc
HZSO4 + 5 cc HNO3

Flow lines could not be effectively revealed by deep etching, No flow lines could be de-
tected in the 9Ni-4Co steels reduced 25 percent in final finish forging; specimens re-
duced 50 and 75 percent revealed only faint flow lines. However, no evidence of alloy
segregation, abnormal-inclusion content, or forging defects were noted in the
macrosections, ' '

The 18Ni maraging steels were much more difficult to macroetch, and what faint
macrostructure was detected visually could not be reproduced on photographs. As with
the 9Ni-4Co steels, no evidence for material defects such as banding, overheating,
internal seams, and improper forging were found in the 18Ni maraging steels,

Although no metallurgical abnormalities or defects were uncovered from the
macroetching studies, some defects were found in the 3Ni-4Co(250) steel ""E" by a
microstructural examination, While trying to explain the low fracture toughness in a
specimen of this martensitic treated steel, Republic Heat 3321246, an abnormal micro-
structure containing banding and islands of white-etching ferrite at the grain boundaries
was found in two different forged billets of this steel. However, this structure was far
enough away from the fracture-toughness crack not to affect the test results,
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The quality of the 18Ni-maraging~steel heats was judged to be very good on the

bazis of microstructural examinations,

number of inclusions were noted,

Conclusions From Forging Reduction Studies

No banding was evident, and only a very small

The overall results of the forging reduction studies show that the following melting
practices, forging reductions, and finish forging temperatures provide the optimum

processing for each material grade:

Material Grade Melt Practice

Minimum Forging
Reduction, percent

Finish Forging
Temperature, F

18Ni{300) VAR
18Ni{250) VAR
9Ni-4Co(250) VAR-C-DOX
9Ni-4Co( 200) VAR-G-DOX
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EVALUATION OF ROLLED-RING FORGINGS
OF 18Ni(250) STEEL

An investigation of the variables of ring-forging production of the 18Ni(250) marag-
ing steel was conducted by the Ladish Company. The objective of this program was to
determine the influence of melting practice {(air melt, vacuum degassed versus vacuum-
arc remelt) and of forging procedures on the metallurgical structure and mechanical
properties of small-diameter ring forgings. The program consisted of producing and
evaluating eight ring forgings made from air-melted steel andeight ring forgings made
from vacuum-arc-remelted steel, Variations in upset temperature, ring-rolling reduc-
tion and temperature, and heat treatment of the rings were investigated.

Materials

Two 15-1/4-inch round-cornered-square (RCS) as-forged billets of the 18Ni(250)
maraging steel were supplied by Republic Steel Corporation. One billet had been forged
from a 25 x 27-inch ingot of air-melted, vacuum-degassed Heat No, 3321290, and the
other had been forged from a 24-inch-diameter ingot of vacuum-air-melted Heat
No. 3920873 (parent Heat No, 3321290).

Materials Acceptance Tests

In addition to materials-capability-test results furnished by Republic Steel Corpo-
ration, a rnaterial-acceptance-test evaluation program was conducted by Ladish Com-
pany, The acceptance evaluation tests used at Ladish included chemical analyses,
macroetch studies, microexaminations for cleanliness and grain size, mechanical prop-
erty tests including tensile and precracked V-notch impact, magnetic particle and ultra-
sonic inspection, and gradient bar studies,

Chemical analyses indicated the billets to be uniform from end to end and that the
composition agreed closely with that reported by Republic in Table 2. Results of deep-
etching studies of slices representing the top and bottom of each billet indicated that the
VAR ingot contained fine uniform grain size and was free of porosity. These results
were substantiated by results of ultrasonic inspection. Several surface cracks were
found on the air-melted billet and center porosity was detected on.the bottom slice,

The evidence for porosity near the bottom of the air-melted billet was substantiated by
ultrasonic inspections conducted both by Ladish and Republic Steel., The porosity ex-
tended about 4 feet from the bottom of the billet and six other locations of porosity were
detected along the length of the billet, Reducing the size of the 15-1/4-inch RCS billet
by forging to 12- and 10-inch RCS bhillets apparently healed the defects since no evidence
of defects was found in the reduced redrawn billets.

Grain- size and cleanliness tests also were conducted as part of the material-
acceptance program, At Ladish, both the as-received 15-1/5-inch RCS billet and the
reforged 3-1/2-inch-square test bars were examined; at Republic, test bars forged to
5-1/2-inch squares had been studied, Thus, results from these two studies might be
expected to vary to some extent, The reforging (reduction to 3-1/2-inch squares) at
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Ladish refined the grains from predominantly ASTM 2 to predominantly ASTM 6 for both
billets. The method used for rating cleanliness was Method A of ASTM designation E45,
The method consists of visually comparing fields of most dense inclusions with a chart
supplied for the standard, The ratings supplied by Republic Steel indicated significantly
cleaner steels than those made by Ladish., Subsequently, micro-specimens were ex-
changed between the two laboratories and it was found that the sample-~preparation tech-
nique and, hence, the appearance of the inclusions, could be improved by rinsing in
plain tap water. However, not all of the difference in rating could be explained by the
metallographic technique,.

Tensile properties and precracked-Charpy V-notch impact properties were deter-
mined on samples of the 18Ni steel cut from the 3-1/2-inch reforged square test bars,
The reduction in area by forging 75 percent corresponds to the maximum wall reduction
planned for the seamless rolled-ring evaluation, Tensile and impact properties were
determined both in the longitudinal and transverse directions, Tensile specimens were
standard 0, 252-inch-diameter specimens; impact specimens were 0, 394-inch square.
The reforged bar was solution annealed at 1650 F and then aged at 900 F for 3 hours,
The data reported by Republic Steel were obtained on specimens cut from 5-1/4-inch-
square bar annealed at 1500 F and then aged at 900 F for 3 hours. The data obtained at
Liadish and those supplied by Republic Steel are summarized in Table 8. It is evident
that the transverse yield strength is higher for the vacuum arc-remelted steel than for
the air-melted steel. However, the transverse ductility values obtained at Ladish for
the vacuum-arc-melted steel are significantly lower than those obtained on the air-
melted steel, The W/A impact values of the vacuum-arc-remelted steel are signifi-
cantly higher than those obtained on the air-melted steel.

Asg part of the acceptance tests, magnetic-particle inspection was used to obtain
information on the degree of chemical segregation appearing as long stringers of aus-
tenite, The tests were made on sections of the 3-1/2-inch-square reforged test bar of
each heat of steel. Bars for the tests were machined to é6-inch lengths 2-1/2 inches in
diameter without steps. Excessive segregation was evident in both the air-melted and
the vacuum-arc-remelted steel heats, No significant improvement was noted with re-
gard to austenite segregation after a solution anneal at 1700 F followed by oil quenching.

Forging Procedure

The 15-1/4-inch RCS billets were drawn down to 12- and 10-inch RCS stock by
the following sequence: ‘

(1) Charge 15-1/4-inch RCS billet into 1250 F furnace and equalize
(2) Raise temperature of furnace to 2250 F

(3) Forge billet to 12-inch RCS and part off required amount of 12~inch
stock and air cool

(4) Reheat balance of 12-inch RCS billet to 2250 F, equalize, and forge
down to 10-inch RCS; air cool.
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In order to obtain the maximum amount of data from a minimum amount of mate-
rial, the following procedure was used:

(1) The stock was upset at two different temperatures, 2250 and 1950 F

(2) The final rings were rolled from two different temperatﬁrea, 2250
and 1950 F

(3) The wall thicknesses were reduced by two different amounts, 50 and
75 percent, at each rolling temperature.

A temperature of 1950 F was selected for the intermediate hot-working operations,
based on previous forgeability studies by Republic, on the maraging steel, Two methods
of achieving low finishing temperatures were utilized:

(a) Starting at a high temperature (2250 F) and ring rolling without
reheating

(b) Ring rolling at a low temperature (1950 F) and reheating several
times.

Table 9 outlines the details of the forging program carried out at L.adish, and
Table 10 gives the material requirements and the forging and seamless-ring rolling
procedures that were used. After final ring rolling, the rings were sectioned and heat
treated, One half of each ring was solution annealed at 1500 F; the second half was
solution annealed at 1650 F. Both sections were aged at 900 F for 3 hours prior to
testing,

TABLE 9, DETAILS OF FORGING PROGRAM FOR PRODUCING TWO DIAMETERS
OF SEAMLESS RINGS FROM 18Ni(250) MARAGING STEELS AT LLADISH

Forge Stock From 15-1/4-Inch RCS

Draw-Down Operation: to 12-Inch and 10-Inch RCS

Upsetting Operation:

4 Rings
Upset Approximately
3:1 in Height;
Furnace Temp 2250 F

4 Rings
Upset Approximately
3:1 in Height;
Furnace Temp 1950 F

Temperature Prior to

Intermediate Rolling: 2250 F 2250 F
Temperature Prior to
Final Rolling 1950 ¥ 2250 F 1950 F 2250 F
Reduction A: 50 percent 50 percent 50 percent 50 percent
wall wall wall wall
reduction reduction reduction reduction
(1 ring) (1 ring) {1l ring) (1 ring)
Reduction B: 75 percent 75 percent 75 percent 75 percent
wall wall wall wall
reduction reduction reduction reduction
(I ring) {1 ring) (1 ring) (1 ring)
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TABLE 10. MATERIAL REQUIREMENTS AND SCHEDULED FORGING AND
SEAMLESS-RING-ROLLING PROCEDURES

50 Percent Wall Reduction

Stock Required: 10-inch RCS x 13-1/2 inches long
Forging Procedure:
Operation No, 1 Upset to 6 inches high and plug 5-inch-diameter hole

Operation No, 2 Ring roll and flatten to 12-inch inner diameter x 6-inch wall x
4 inches high

Operation No. 3 Ring roll and flatten (during rolling) to three-inch wall x
4 inches high

75 Percent Wall Reduction

Stock Required: 12-inch RCS x 16-7/16 inches long
Forging Procedure:
Operation No. 1 Upset to 4 inches high and plug 5-inch diameter hole

Operation No. 2 Ring roll and flatten to 6-1/2-inch inner diameter x 10-1/2-
inch wall x 4 inches high

Operation No. 3 Ring roll and flatten {(during rolling) to 2-7/8-inch wall x
4 inches high

Mechanical Properties of Rolled Rings

Standard 0, 252-inch-diameter tensile-test specimens were used to obtain ten-
sile data from the seamless rolled rings. Yield strength was determined by the
0. 2 percent offset method, Precracked Charpy V-notched impact bars were 0. 394-
inch square, The impact bars were precracked in tension on a Manlabs Charpy pre-
cracker, Both tensile and impact specimens were tested as prescribed in Federal Test
Method Standard 15la. Data were obtained for the axial, circumferential, and radial
directions, Three specimens were tested for each specimen orientation.

The test results obtained are listed in Tables 11 through 15,
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Statistical Analyses Procedures

The tensile and impact data obtained were analyzed statistically by three methods
of statistical analysis, These are the analysis of variance (ANOVA), cumulative
frequency-distribution curves, and linear-correlation analysis,

Analysis of Variance, The data in Tables 11 through 15 initially were analyzed
by the analysis-of-variance method. This method involves studying all of the variabil-
ity or variance found in the data and partitioning it off in such a way that it is possible
to distinguish the variability associated with each variable or combination of variables.

The data were evaluated using a four-factor 2 x 2 x 3 x 8 "analysis of variance".
Following are the four main variables and the subvariables that were evaluated:

V1 = Melting practice

Air melting
Vacuum-arc remelting

Vz = Forging practice

Forged at 2250 F

Rolled at 2250 F — 50 percent reduction
Rolled at 2250 F — 75 percent reduction
Rolled at 1950 F — 50 percent reduction
Rolled at 1950 F = 75 percent reduction

Forged at 1950 F

Rolled at 2250 F — 50 percent reduction
Rolled at 2250 F = 75 percent reduction
Rolled at 1950 F ~ 50 percent reduction
Rolled at 1950 F = 75 percent reduction

VS = Heat treatment
Solution annealed at 1500 F and aged at 900 F
Solution annealed at 1650 F and aged at 900 F

V4 = Testing direction

Tensile
Axial

Circumierential
Radial

Impact (Precracked Charpy V-Notch)

Axial

Circumferential

Radial — notch open to face of ring

Radial - notch open to cross section face of ring,
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The test data were utilized in a statistical program on an IBM 7040 computer to
analyze for significance between the main effects and the interactions,

Details on the computer analysis of the data are given in Appendix D of the Final
Report dated 30 Septermnber, 1965, prepared by Ladish for Republic Steel Corporation
under Air Force Prime Contract AF-33(657)-11277. In judging the significance of first-
and second-order interactions, the influence exerted by an experimental variable was
considered significant and requiring additional examination only if it showed significance
at the 1 percent confidence level in two of the three sets of experimental data,

Cumulative Frequency-Distribution Curves, The magnitude of the influence ex~
erted on the mechanical properties by the main variables and the interactions was de-
termined by the use of the cumulative frequency distribution curve, This tool can read-
ily provide the relationship between any value and its confidence level,

Linear Correlation Analysis, In conducting the linear correlation analysis, the
following procedure was implemented:

(1) Only circumferential properties were used because the analysis of vari-
ance indicated testing direction had a significant influence on some of
the mechanical properties and because cumulative frequency distribution
curves showed that the best data distributions came from circumferentially
oriented test results,

(2) The correlation analysis was completed by analyzing 96 test results each
of tensile yield, elongation, reduction of area, and fracture-toughness
properties for linear correlation with each other, This analysis showed
very good linear correlation between circumferential properties of yield
and ultimate tensile strengths and between percent elongation and reduc-
tion of area, and precracked Charpy values,

{3} In order to determine whether melting process or heat treatment affected
the correlation analysis, the 96 circumferential yield and ultimate-
strength test results were divided by melting process into two groups of
48 values each and the analysis was rerun, The correlation factor for
the air-melted group was 0, 94574 and for the vacuum-arc-remelted
group, 0.90248, The 96 results were then re-arrayed by solution-
annealing temperature into two groups of 48 values each, and the analysis
was again rerun, Correlation factor for the 1500 ¥ solution-annealing
temperature was 0, 91635, and for the 1650 F group, 0.79891,

Results of Statistical Analysis

Tensile Data, The analysis of variance indicated that only the heat-treatment
and melting practice had significant influence on both the yield and tensile strength, In
addition, forging practice exhibited significant influence on the yield strength but had
no significant influence on the tensile strength, Testing direction was the only variable
that showed a significant influence on the ductility as measured by elongation and re-
duction of area. None of the first- and second-order interactions showed significant
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influence on either the yield strength, tensile strength, elongation, or reduction of area
on the basis of the analysis of variance study.

Cumulative frequency distribution curves were used to determine the numerical
extent of the variables on properties, Figure 3 shows the cumulative frequency distri-
bution curves in which the influence of solution-annealing temperature on both yield and
tensile strength is indicated, The figure shows that both the tensile- and yield-strength
medians for the steels solution annealed at 1500 F are 5000 psi higher than those for the
steels annealed at 1650 F,

Figure 4 shows the cumulative frequency distribution curves for the tensile and
yield strengths of air melted versus vacuum-arc remelted. It can be seen that about
2000-psi higher yield and tensile strength was obtained at the medians with the vacuum-
arc-remelted steel than with the air-melted steel.

Cumulative frequency distribution curves showing the influence of forging practice
on the yield and tensile strengths did not single out any particular forging practice as
being superior to the other practices.

Cumulative frequency distributions curves showing the influence of testing direc-
tion on elongation and reduction of area are shown in Figure 5, The circumferential
specimens showed 4, 5 percent greater elongation and 23 percent greater reduction of
area for the medians than the transverse (axial and radial) directions. It may also be
noted from Figure 5 that the confidence level is about 98 percent for achieving 5 percent
elongation and 25 percent reduction of area in the circumferential direction, but at this
confidence level the transverse ductility is virtually nil. Ewven if one restricts consid-
eration to the vacuum-arc-remelted heat, the 98 percent confidence level is only 13 per-
cent reduction of area and 2 percent elongation in the transverse directions. The data
on both reduction of area and elongation presented in Tables 13 and 14 suggest that if
ductility is of primary concern, superior transverse properties may be obtained by us-
ing vacuum-arc-remelted steel and solution annealing the material at 1650 F, although
statistically the data are of dubious significance,

Fracture Toughness, The analysis-of-variance method of statistical analysis
indicated that melting practice, forging practice, and testing direction all had signifi-
cant influence on fracture toughness as measured by the precracked Charpy V-notch
impact test results. Two first-order interactions, meltfing practice with testing direc-
tion and forging practice with testing direction, had significant influence on fracture
toughness,

Cumulative frequency distribution curves were used to determine the extent of the
effects, Figure 6 shows the curve of precracked Charpy V-notch impact test results by
testing direction, The curves and supporting histograms indicate that the test results
are not normally distributed and, in fact, represent two different populations or a
skewed distribution, The reasons for this abnormality are not known and the extremely
low values of the 18Ni-(250) maraging steel, both air and vacuum-arc remelted, should
be thoroughly studied before being selected for critical fracture toughness applications.
The "end-of-fiber' orientation (RZ) was consistently lower than the ''side-splitting-
fiber'" orientation (Rl).
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PERCENT OF TESTS BELOW I'NDICATED STRENGTH
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The cumulative frequency distribution curves in Figure 7 show the influence of
testing direction and melting practice on fracture toughness. Higher fracture toughness
is evident for vacuum-arc-remelted steel for both the circumferential and axial test di-
rection. The results for the radial "end-of-fiber" (R.) orientation show higher fracture
toughness for the air-melted steel than for the vacuum-arc-remelted steel, For the
"side-splitting-fiber" orientation, R,, there is little difference between the two steels.
Highest values of fracture toughness were obtained for the circumferential orientation
and lowest for the radial orientation,

A plot of the eight cumulative frequency distribution curves showing the influence
of forging practice resulted in a distinct separation of three practices having fracture-
toughness values greater than the other five. The plot is shown in Figure 8. The three
forging practices that showed the highest values of fracture toughness are:

(1) 75 percent wall reduction, 1950 F upsetting temperature, and 2250 F
rolling temperature

(2) 75 percent wall reduction and 1950 F upsetting and rolling temperatures
(3) 75 percent wall reduction, 2250 upsetting, and 1950 F rolling

temperature.

Analysis of Forging Practice. The forging practices utilized in this program
were selected around the three following criteria: .

(1) Upsetting the stock at 1950 or 2250 F, followed by preliminary
rolling at 2250 F

(2) Accomplishing the final wall reduction by heating to 2250 F and
working over a range of lower temperatures without reheating, or
by restricting the heating temperature to 1950 F and completing
the working using several reheats

(3) Reducing the wall thickness either 50 or 75 percent in the final
operation,

Since the analysis of variance was set up to evaluate a forging practice as a total
entity, an analysis of the eight combinations of forging practice cumulative frequency
diagrams for each of the above three criteria also was made. The analysis of circum-
ferential test results showed that upsetting temperature had no significant effect on
fracture toughness, tensile strength, or ductility,

The rolling practice produced a significant difference in means of values for frac-
ture toughness and tensile reduction of area., Figure 9 shows that rolling over a falling
temperature range from 2250 F resulted in a median circumferential fracture toughness
W/A value of 490 in, -1b/in. 2 compared with a median value of 415 in.-1b/in.2 for rolling
at 1350 ¥, Similarly, Figure 10 shows a median value of 47 percent reduction in area
for rolling over a falling temperature range from 2250 F, compared with 44 percent for
rolling at 1950 F, Thus, the method of rolling from 2250 F over a decreasing tempera-
ture range is the preferred method for the 18Ni{250) maraging steel,
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The severity of plastic deformation in the final ring-rolling operation had a signif-
icant effect on the ductility and fracture-toughness, but not on the strength levels. Fig-
ure 11 shows the cumulative frequency distribution curves in which the effect of wall re-
duction on circumferential fracture toughness is plotted. The difference at the median
is about 180 in, -1b/in. 2, Although the difference at the median is less when axial and
radial as well as circurmnferential values of fracture toughness are used in the curves,
the 75 percent wall-thickness reductions produce higher average values than the 50 per-
cent reductions,

- Figure 12 shows the cumulative frequency distribution curves for the effect of
wall-thickness reduction on ductility. At the medians, the elongation is about 1.5 per-
cent and the reduction of area about 5 percent greater for a 75 percent wall-thickness
reduction than for a 50 percent reduction, An extreme shift occurs in the 75 percent
curves at the lower range,
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EVALUATION OF RING-ROLLED FORGINGS OF
18Ni{300) AND 9Ni-4Co STEEL

Prior History

Various properties of 18Ni maraging and 9Ni-4Co alloy steel samples taken from
ring-rolled forgings were evaluated by Aerojet-General Corporation, The processing
history of the 21-in., ID x 24~-in, OD x 5-in. rings is indicated in Table 16, Tests on
four forgings of each grade of material permitted determinations of the uniformity of
mechanical and metallurgical properties as a function of location and orientation within a
forging and between forgings and heats, '

Each forging was inspected ultrasonically using Sonoray Model 50 C equipment with
a 3/4-inch-diameter 5,0-mc ZT Branson Transducer, The contact-scanning technique,
with a water column, was employed in all instances., An A4130 alloy-steel test standard
was used and the scanning sensitivity determined by calibrating to a 3/64-inch-diameter
flat-bottomed hole at a 5-inch metal path, No defects were found in the maraging or
9Ni-4Co(250) steel forgings. Inspection of Ring No, 4, of the INi-4Co{200) steel, indi-
cated two defects located 3/4 inch from the surface. One indication was equivalent to a
3/64-inch and the other to a 2/64-inch deep flat-bottomed hole. Neither was found by
sectioning,

TABLE 16, MELTINC-(a') AND PROCESSING HISTORY OF RING-ROLLED FORGINGS

 — ———— —— —— ___—— _—_— —______——— .~ .. ——
' Ring Rolling Conditions
Heat Number Melting Temperature Temperature Reduction,
Original Final Practice Grade at Start, F at Finish, F percent

18Ni Maraging Steel

3321284 3920878 VAR 300 2025 1825 60
3920879 VAR 300 2025 1825 60

9Ni-4Co Alloy Steel
3321262 3921091 VAR-C-DOX 250 2025 1925 60
3951502 VAR-C-DOX 250 2025 1925 60
3311846 3921032 VAR-C-DOX 200 2025 1925 60
3931021 VAR-C-DOX 200 2025 1925 60

(a) The heats were produced by Republic Steel Corporation. The original 70-ton heats were melted in air and cast as 9500-1b
ingots, That material was vacuum-arc remelted and cast as 8500-1b ingots. The temperatures listed are in the middle of
50 F ranges. The dimensions of the roiled rings were: 21-in, ID x 24-in. OD x 5 in.

Figure 13 illustrates the practice followed in sectioning most of the rings, The
precracked Charpy gspecimens were taken from the 9Ni-4Co{200)} steel at the locations
shown for slow-notch-bend specimens; that is, on either side of the metallographic .
specimens,

Table 17 shows that, within the limits of accﬁracy of analytical methods employed,
forgings of the same grade had identical compositions, This good control of composition
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mi.ght be expected because the two heats representing each grade came from the same
original air-melted heat, All chemistry contents fit the appropriate specifications ex-
cept for the nickel and cobalt levels of the 9Ni-4Co{200) steel, For that material, the
nickel content exceeded the maximum limit of 8, 0 percent and the chromium content was
below the minimum limit of 0. 35 percent mentioned in the specification.

TABLE 17, CHEMICAL COMPOSITIONS OF
RING-ROLLED FORGINGS

—_—
Ranges in Composition, percent{2)

Element 18Ni{300) 9Ni-4Co{250) 9Ni-4Co(200)
C 0.02/0.03 0.41/0,44 0.25/0.28
Mn 0,06/0.07 0,21/0,29 0.23/0.24
Si 0.07/0.09 0,03/0,06 0,031/0,034
P 0.008/0, 009 0.005/0,010 0.002/0.003
S 0.003/0,005 0.006/0.006 0.008/0,010
Ni 18, 11/18, 62 7.93/7.95 8.45/8. 56
Co 8,.66/8,85 3,56/4.59 4,03/4,12
Mo 4,73/4.86 0.23/0.27 0.38/0.40
Al 0.16/0. 16 0.05/0, 06 0.04/0, 04
Ti 0.70/0.79 -- --

Cr -- 0,23/0.24 0.33/0, 34
v - 0.09/0, 09 0,08/0.08

M
() For two forgings from two vacuum-arc remelted heats of each grade. Aluminum content
is not specified for the 9Ni-4Co alloy steel.

Tensile Properties

The tensile tests were made on 0, 25-in. -diameter x 1. 0-in, -gage-length bars
meeting ASTM specifications, except that button heads were used, The longitudinal and
transverse specimens represent hoop and axial directions in the rings, respectively. -
The data are summarized in Table 18, :

All specimens of the 18Ni maraging steel met the tensile-property requirements of
Specification RSC-AF-1 established for this program, The lower strengths and better
ductilities of Ring 7 compared to Ring 5, which came from the same heat, are attributed
to unintentional variations in forging practice., The average tensile properties did not
differ significantly between heats or with specimen orientation. The data suggest that
differences of about 15 ksi may be expected among forgings of 18Ni(300) steel produced
from VAR heats made from the same melting stock and processed by the same nominal
practices,

Ring 13 had lower yield and ultimate strength than anticipated for 9Ni-4Co(250)
steel, Apparently this resulted from a mistake in heat treatment, because the other
three rings had normal properties when tested after a second heat treatment. The maxi-
mum difference in yield strengths of the 36 specimens from those rings amounted to
10 ksi, The average yield and ultimate strengths of the 9Ni-4Co(250) rings were 224, 1
and 264, 7 ksi, respectively, The tensile properties did not differ significantly between
forgings or heats or with specimen orientation,
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TABLE 18. MECHANICAL PROPERTIES OF SPECIMENS FROM ROLLED-RING FORGINGS(a)

. Ultimate 0.2 Percent - Elongation, Reduction
Heat Ring Specimen Strength, Offset Yield percent in Area, Kpc Value,
Number Number Orientation kei Strength, ksi {l-in. gage) . percent kai vin,

18Ni Maraging Steel, Grade 300 VAR(b)
3920879 5 L 293,5 286, 5

5.8 21,4 57
T 296, 5 288,5 4.5 16.7 57
ST -- -~ -- -- 53
3920879 7 L 280.5 272.5 7.0 24.9 58
T 283.0 273.5 6.9 25,8 58
ST -- -- © .- -- _ 54
3920878 8 L 285, 5 279.5 6.0 21.8 61
T ' 288.0 280, 5 6.2 21,5 59
ST -- -- -- -- 56
3920878 10 L 287.2 278.7 5.5 21,2 58
T 286, 1 273.5 4,9 . 18,9 59
ST - -- -- -- 57
" 9Ni-4Co Alloy Steel, Grade 250 VARI<) _
3921091 13td) L 227.5 189.0 13.5 54.0 66
T .221.5 192.0 13,0 54,5 68
ST .- -- -- 68
3951502 11 L 264,0 224.5 12.0 52,5 70
T 264, 5 223.5 13,0 47,5 72
ST -- - -- .- 68
3951502 12 L 264.5 224.0 12,5 52.5 74
T 265. 5 223,0 13,5 48.5 73
ST - - -- -- 73
3921091 14 L 265.5 226.0 12,5 47.5 65
: T 265.0 224.0 12.5 48,0 69
ST -- - - .- 68
9Ni-4Co Alloy Steel, Grade 200 VAR(®)
3931021 1 L 196, 5 . 187.5 18,0 . 63,5 -
T 197.0 187.5 17.0 60.5 --
ST -- -- -- - --
3931021 2 L 197.3 186.9 17,2 62.5 --
T 198.7 188.3 17,3 55,0 --
ST -- - - - -
3921032 3 L 200.5 © 1913 17.5 62.5 --
T 201,0 : 192, 3 17,3 60,0 --
ST -- -- .- -- --
3921032 4 L 199, 5 190, 5 17.8 ‘ 62.5 --
T 199, 0 ' 190,5 17.0 59,5 --
ST .- - - - -

{a) Each tenaile value ia the average of six observations; triplicate specimene from Location Bl and B2 in
Figure 1, Each K. value for longitudinal and transverse directiona is based on 10 to 12 observations;
the short-transverse values were usually based on 4 specimens.

(b) Solution annealed, 1650 F for 1 hour and aged at 925 F for 3 hours,

{<) Bainitic heat treatment; normalized 1650 F, austenitized 1475 F for | hour, salt quenched and held at
475 F for 6 hours,

{d) These specimens were, apparently, heat treated improperly. Therefore, the epecimens from Rings 11,
12, and 14 were given a second heat treatment.

(e) Normalized at 1650 F for 1 hour, austenitized for 1 hour at 1550 F, guenched to room temperature in oil,
double tempered at 1000 F, 2 hours for each treatment,
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The forgings of 9Ni-4Co(200} steel had remarkably uniform tensile properties;
neither specimen orientation nor location had any influence on strength of ductility.
Although the difference in strengths of the two heats — about 4 ksi — is statistically sig-
nificiant, it is of no engineering importance,

Fracture Toughness

Slow-bend notched-beam tests were performed on specimens from the 18Ni marag-
ing steel and the 9Ni~-4Co(250) steel, The Knhc values given in Table 18 were obtained on
0.500 x 0,500 x 5, 0-inch bars by procedures described in a previous section, Equations
developed by Bueckner* were also employed for calculating K values, The Beuckner
analysis was preferred by Aerojet-General investigators because the values were less
affected by experimental problems, Since the K o Values approximated the K, o values
and showed the same trends, they are omitted from this report,

The plane-strain fracture-toughness values of the 18Ni{300) specimens ranged
from 53 to 61 ksi Vin. . The values were lower for short-transverse specimens, but the
differences between longitudinal and transverse specimens were not significant, The
values are better than those obtained for another lot in an earlier study, Fracture usu-
ally occurred at the maximum load, with no indication of slow crack growth, This be-
havior was considered an indication of lower toughness and a smaller critical-defect
size compared to lower-strength steels,

Specimens of 9Ni-4Co(250) steel exhibited a proportional limit during testing fol-
lowed by continued deflection before fracture, This is considered to be an indication that
this steel has better plane-strain fracture properties than the 18Ni{300) maraging steel,
but the yield strength was also lower. The K, . values were significantly better; they
ranged from 65 to 74 ksi Vin, . The fracture-toughness properties appear to be equiva-
lent in all directions within the forged rings of this steel,

The slow-bend notched-beam tests did not detect differences in plane-strain tough-
ness between forgings from different heats,

Precracked Charpy impact specimens were used to evaluate the fracture-toughness
of the 9Ni-4Co{200) steel forgings, since a prior study had shown that valid plane-strain
fracture-toughness values could not be obtained on this material using a 1/2 x 1/2-inch
bend specimen, Standard V-notch Charpy bars, containing a fatigue crack approximately
0.05-in, deep below the machined notch, were used for the studies, The W/A values
{breaking energy/cross-sectional area) are believed to represent an integration of the
properties controlling the initiation (plane-strain conditions) and propagation of fracture,
The results of the tests are summarized in Table 19,

The precracked Charpy specimens indicated that the fracture toughness of the
9Ni-4Co(200) steel was highest in the longitudinal direction and lowest in the short-
transverse direction. Anisotropy of this kind is easier to detect in softer steels. The
W/A values did not vary significantly as a function of location within a ring or between
forgings.

*Bueckner, H. F,, " The Stress Concentration of a Noiched Bar in Bending”, Large Steam Turbine-Generation Department,
General Electric Company. Data folders dated June 14 and 29, 1957,
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TABLE 19, PRECRACKED CHARPY IMPACT VALUES FOR 9Ni-4Co(200) SAMPLES
FROM RING-ROLLED FORGINGS(a)

w

Average
0,2 percent Impact Value (W/A) at Location
Heat Ring Specimen ~ Yield Indicated; in, -1b/in, 2
Number Number Orientation Strength, ksi Al A2 Bl - B3 A4 B2
3931021 1 L 187.5 2718 2333 2775 2456 2712 2436
T 187.5 1571 1610 1628 1750 1733 1730
ST -- -- -- 1564 -- -- 1658
3931021 2 L 186.9 2410 2344 2830 2260 2396 2641
T 188,3 1733 1647 1569 1442 1705 1587
ST -- -- -- 1539 -- -- 1817
3921032 3 L 191.3 2883 2869 2524 2470 2572 2597
T 192,3 2203 2020 2210 2241 2216 2258
7 ST -- -~ -- 2031 -- -- 2184
3921032 4 L 1%80.5 2566 2370 2461 2531 2513 2419
T 190.5 1816 1676 2227 1929 1852 2088
ST : - -- -- 1875 -- -~ 1918

— — —— s r— — ]

— r—
——— — = — —a— — —— —

—r —

(a) The values are averages for three determinations., The specimens were austenitized for 1 hour at 1550 F, quenched in oil to
room temperature, double tempered at 1000 F, 2 hours for each treatment,

Metallographic Examinations

With one exception, all forgings met the inclusion rating reciuirements specified
for this program. One location (B-2} in Ring 10 of the 18Ni{300) maraging steel received
a rating of 3,5 for "thin'" nitride inclusions, compared to a requirement of 3,0, The
inclusion ratings were independent of specimen location and orientation,

All specimens exhibited microstructures typical of their grade and heat treatment,
No significant variations were apparent between heats or specimen locations, The ASTM
grain size of the 18Ni(300) maraging steel was judged to be mainly 3 to 5, This relatively
‘coarse grain size may have resulted from an undesirably high finishing temperature
when the rings were rolled. Both grades of 9Ni-4Co steel had grain sizes of ASTM 8 or
finer, Their macrostructures showed some evidence of irregular grain flow, This sug-
gests that the reduction by ring rolling was insufficient to reorient the patterns estab-
lished by prior working.
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EVALUATION OF CLOSED-DIE FORGINGS

This part of the report covers the evaluation of mechanical properties by General
Dynamics/Fort Worth on 20 forgings. The forgings, which weighed 38 pounds, were
made in dies used for producing the Wing Pivot Forward Support Bracket for the F-111
aircraft. The part (12B751~7~E) has section thicknesses ranging from 1/2 inch to
5 inches, In production operations, a considerable amount of metal is removed from
all surfaces of the forging.

Material

The compositions of the steels as determined on the forgings are listed in Table 20.
For all practical purposes they fell within the specified ranges; the variations between
forgings from the same heat and from different heats were small. The phosphorus,
sulfur, and chromium contents of the 18Ni(250) air-melted vacuum-degassed heat "N
(No. 332190) and of the vacuum-arc-remelted heat "M" were almost identical. The
latter heat (No. 3920873) contained slightly less silicon and manganese but more carbon.
It had been produced by remelting stock from air-melted, vacuum-degassed Heat
No. 3321290, which provided material for comparison.

The forgings were produced by Ladish~Pacific on a 12,000-~1b drop hammer from
3-3/4-inch round-cornered square billets rolled by Republic Steel Corporation. The
9Ni=-4Co alloy steel had been prepared by vacuum-arc-remelting of two air~-melted heats.
The 18Ni maraging steels represented four heats, one air melt and three vacuum-arc
remelts. As-received by General Dynamics, the 18Ni steel had a hardness of 293 BHN.
It had been solution annealed for 1 hour at 1635 F and then air cooled. The 9Ni-4Co
steel had been normalized after holding 1 hour at 1650 F, then tempered for 2 hours at
1200 F; the hardness was 331 BHN.

The forgings passed ultrasonic inspection for internal defects. Surface defects
detected by Magnaflux inspection were shallow enough to be removed by normal machin-
ing. Some small laps were present on all forgings and the surfaces were rough,
presumably because of scaling during forging. All of the 9Ni~4Co forgings and those
from 18Ni(300) heat Nos. 3920879 and 3920878 completely filled the die cavity. Incom-
plete die filling at the extreme outer edge of the 4-1/2-inch-wide section was noted in
the 18Ni(250) forgings from Heat No. 3920873 and in three of the forgings from the
18Ni{250) air-melted heat.

Figure 14 is a schematic sketch showing the size and shape of the forgings and the
location of test specimens. The 33-1/2-inch dimension was considered to be the longi-
tudinal grain direction. The direction of the grain in Specimens 5 to 17 in forgings A,

B, D, and E was arbitrarily considered the short-transverse direction because those
specimens were perpendicular to the parting plane of the forging. Metallographic studies
of grain flow, however, showed that the so-called short-transverse direction should have
been called the long-transverse direction, '
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Machining and Heat Treatment of Specimens

The tensile and fatigue specimens of 18Ni steel were finish machined prior to
aging. The stress corrosion and fracture~toughhess specimens were ground prior to
aging. The notches of the fatigue specimens were polished, after aging, with levigated
alumina on a Dacron cord; the stress~corrosion specimens were polished with 500-grit
emery paper and vapor honed.

The 9Ni-4Co samples were rough machined oversize and finish machined after
heat treatment. All notching was done after heat treatment; the finishing procedures
were identical to those used for the maraging steéls.

The impact specimens were taken from failed fracture~toughness specimens and
notched in the same direction.

The 18Ni specimens were aged for 3 hours at 925 F. The heating and cooling
times ranged from 1.25 to 1.82 and 2 to 2. 5 hourk, respectively. All specimens from
the forgings of each alloy were heat treated together. In the case of steels "K" and
"M', the maximum temperature in the outer retort was higher than desired, but tensile
tests indicated that the properties were not affected significantly.

The heat treatment for developing a bainitic structure in the 9Ni~4Co steel was:

(1) Austenitize at 1475 F for 1 hour

{2) Quench into molten salt at 475 =10 F and hold for 6 hours

(3) Air cool with no further heating.
In the first attempt to heat treat the samples, thé temperature of the salt bath reached
505 F. This resulted in slack quenching and undesirably low properties, so most of the
specimens were heat treated again. Those speciimens were tempered for 2 hours at
850 F before re~austenitizing. It was established that the second heat treatment, per-

formed to eliminate the effects of slack quenching, did not affect the tensile properties
adversely.

Tensile Testd

Tensile and notched-tensile tests were conducted on standard 0. 252-inch-diameter
specimens and on the notched-tensile specimen shown in Figure 15. Subsize specimens
were necessitated by the size of the forging and the number of specimens needed for the
program. They were attached to 18-inch-long draw bars, spherically seated in the
crossheads to minimize bending. The loading raté was 5000 1b/min to the yield point;
yield strengths were calculated by the 0. 2 percent offset method. The tensile properties
are summarized in Tables 21 and 22.
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TABLE 21, TENSILE PROPERTIES OF 18Ni(300) VACUUM ARC REMELTED STEEL FORGING CODE k()

Elongation in Reduction in Area,
Forging 4D, percent percent Fty' ksi Fyp ksl Fopge ki Notched Ratio{P)

Longitudinal Specimens

A 8.3 41,2 288, 4 295, 7 308.0 1.04

B 7.9 38.6 285.6 202.1 302.6 1,04

D 8.7 41.8 288,4 295, 5 312. 7 1.06

E 7.1 35.7 285,9 283.3 298. & 1,02
Transverse Specimens

A 7.3 32.8 280.8 289.2 290, 5 1.00

B 7.1 32,3 284.3 292.4 274,6 0.94

D 8.1 31,6 283.5 291.4 279, 7 0,96

E 7.8 34,6 281.9 290.0 288.8 1,00

Short- Transyerse Specimens

A 8.0 33.6 282,2 : 289,2 279.8 0.97

B €.0 25.7 281, 6 288, 8 254.8 0.88

D 6,5 25,3 282.9 291.2 299, 3 1,03

E 7.7 30.8 284,2 280.9 252,0 0.87

{a) All values are averages of triplicate determinations. Forgings A & B from Heat 3820879; Forgings C, D & E from
Heat 3920878 specimen number, as indicated in Figure B were as follows:

" Unnotched Notched
Longitudinal 1, 31, 34 32, 26, 36
Tiansverse 18, 20, 21 19, 22, 23
Short transverse 12, 12, 14 9, 11, 13

(b) The K; values were 6,9 for all notched specimens except A22 and D9 which were 5,7 and 6.2 respectively.
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TABLE 22; TENSILE PROPERTIES OF FORGINGS HEAT TREATED TO ULTIMATE
STRENGTHS RANGING FROM 260 TO 280 Ksr{®)

Specimen Elongation in Reduction in Area, Py, " Fup Frorur Notched
Orientation Forging 4D, percent percent ksi ksi ksi Ratio(?)
18Ni(250) Vacuvum-Arc Remelt Forging Code "M"
Longitudinal A 9,3 45,4 257,2 265,383 . 330.2 1,24
B 9.0 43,0 257.9 264,2 331.1 1,25
D 9.5 42,5 260.4 266. 5 323.2 1.21
E 9.8 7 45,9 259, 7> 266.7 331.8 1.24
Transverse A 8.8 44,5 253,2 260, 7 319.5 1,23
B 8.3 42.4 . 252.8 259.6 316.6 1,22
D 9.3 i 43.4 254, 9 262,2 321.4 1.23
E 9.0 43.7 265.8 262.9 324.8 1.24
Short Transverse A 8.5 41,4 255.2 261,3 330.9 1,27
B 8.1 38.8 254,17 260.4 326.5 1,25
D 8.5 38.7 2587.1 263.7 320.3 1.21
E 9.0 38,6 2585,6 261.6 331.4 1.27
18Ni(250) Air-Melted Forging Code "N"
Longitudinal A 9.3 38.2 267.0 274.6 329,17 1,20
B a.0 38.0 267.1 274,8 313.8 1,14
D 8.8 38.9 267, 4 275,65 316, 2 1.15
E 7.8 317.8 270,17 278.1 E 329.0 1.18
Transverse A _7."1' 32,17 262,0 291.3 304, 2 1.12
B (10,0) (41,6) (259, 5) (268, 1) 309.2 1,15
D 8.8 37.1 263.6 271.4 280.2 1,03
E 1.2 29.0 . 262.1 270.1 305,1 1.13
Short Transverse A 5,3 16,0 261, 9 270.3 239.0 0.89
B 6,0 22,6 260, 8 268.8 289.9 1,08
D 5.2 14,2 2567.3 266,4 270.5 1,02
E 5,17 22,0 _ 262,2 270.17 261.9 0.97
ONi-4Co(250) Vacuum -Arc Remelt Forging Code "L"
Longitudinal A (13.0) (57. 5) (229.7) (267, 0) 346,3 1.30
B (13.0) (53.2) (229. 6) (265. 8) 332,6 1,25
D (11.7) (52.2) (235, 4) (267.9) 334,8 1,25
E (14, 0) (56.3) {231.6) (268.1) 336.8 1.26
Transverse A 11.7 46,4 230.6 2683,0 329.6 1.256
B 11,5 47.0 231.1 264, 6 338,8 1,28
D 11,7 48,6 229.9 265.1 326.8 1,23
E 13,0 49,1 230,12 266,8 326.6 1,22
Short Transverse A 11,0 40_. 7 230. 0 265.8 326,17 1.23
B 11,3 41,7 229.3 266.6 333.5 1,25
D 11.8 ‘ 41,8 229. 5 265, 6 330,0 1,24
E 12,0 44,0 231.9 266.7 327.1 1.23

(ay Values are averages of triplicate determinations, except those in parentheses, which were based on one or two tests. Heat
identifications are given in Table 16. Specimen locations are shown in Figure 14 and listed in footnote of Table 21,
(b) The "K;" values were 5.7 for Group "N" and 6.9 for Group "M". In Group "L", the "K." values averaged 6.3 for longitudina
specimens, 6.5 for ransverse specimens, and 6,0 for short~transverse specimens, .
(c) Data for Code "L" were obtained on specimens given a double heat treatment.
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Table 21 gives the tensile properties of the 18Ni steel as heat treated to an ulti-
mate strength approximating 291 ksi; as is typical of maraging steels, the ratios of
yield to ultimate strength exceeded 0.95. The strengths were approximately 4000 psi
higher in the longitudinal than in the transverse directions. The elongation and reduc-
tion in area values were also poorer for the transverse specimens, and the differences
attributable to orientation are statistically significant. The ductility values are not con-
sidered unusual for this strength level.

The notched specimens were designed to provide a stress concentration factor
(K¢) of 6.9. The notched strengths are good for steel tested at such a high strength
level. Only 2 of 12 longitudinal specimens broke at nominal stresses lower than the un-
notched ultimate strength. As anticipated from the effect of orientation on ductility,
the other specimens had lower notched~strength ratios. The average ratios of notched
to ultimate strength were 0. 97 and 0. 94 for transverse and short-transverse specimens,
respectively. The three short-transverse specimens from forging "E' had notch-
ultimate ratios below 0, 9.

The tensile properties of samples from forgings with strengths ranging from 260 to
280 ksi are listed in Table 22. In general, the reproducibility of data among samples
from different forgings was good. The air-melted 18Ni(250) steel had a higher strength
and poorer ductility values than its vacuum-remelted counterpart. The uniformity was
better for the latter material and comparable to that exhibited by the arc-remelted
samples tested at the higher strength level. ' In both materials, the ductility and notched-
ultimate ratios were better for specimens oriented in the transverse than in the short-
transverse direction. Longitudinal specimens exhibited the best properties. In all but
two cases, both for air-melted steel, the average notched-~ultimate strength ratios ex-
ceeded 1.0,
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The data for the 9Ni-4Co steels are difficult to assess for reproducibility because
of the necessity for a second heat treatment. However, the spread in values seems
reasonably small. The yield-ultimate strength ratio of this steel, about 0.8, is less than
that for the maraging steels. Regardless of specimen orientation, all tests showed the
material to possess good notched strengths; the ratios ranged from 1.18 to 1.32. The
transverse specimens had slightly better ductility and notched-strength ratios than the
short-transverse specimens; their average strengths were almost undistinguishable.

Charpy Tests

Charpy tests were made on standard V-notch specimens with an impact testing
machine meeting the requirements of ASTM E23~64. Specimens broken at foom temper-
ature and at ~65 x£3 F gave the values listed in Table 23,

TABLE 23. CHARPY V-NOTCH VALUES OF 18Ni AND 9Ni-4Co STEELS(2)

Average Charpy Value, ft~lb

At Room Temperature At ~65 F
Short Short
Steel and Condition Longitudinal Transverse Longitudinal Transverse
18Ni(300) VAR '12.2 £2.0 13.3 24, 4 13,9 22,0 12,4 £1. 7
18Ni{250) Air melt 16.1 £3.0 14.5 1.4 14,1 1.5 14,7 +0.1
18Ni(250) VAR 21.4 £5.8- 18.5 +£3. 3 19.6 £2. 4 18.5 £1.9
9Ni-4Co(250) VAR 26.1 1.7 24.6 £4.6 26.0 1.9 22.8 £2.0

(2) Averages are based on testing four specimens; the uncertainty of the observed averages is expressed by the standard deviation.

-

The differences in breaking energy between samples oriented in the longitudinal
and in the short-transverse direction are not considered significant. Decreasing the test
temperature to ~65 F did not have a statistically significant effect on the Charpy values of
any of the steels. Thus, the data indicate that the ductile-brittle transition temperature
of the materials is below -65 F in Charpy tests.

The Charpy values indicate that the energy required for ductile fracture was highest
for the bainitic 9Ni-4Co steel and lowest for the 18Ni steel at the higher strength level.
The ''t" test for statistical significance of differences in averages indicates that the ob-
served differences between the air-melted and vacuum-arc-remelted samples tested at
the 250-ksi strength level is not attributable to experimental scatter.

Fatigue

The high~cycle low-stress notched fatigue specimens, shown in Figure 16, were
loaded axially in a BLH Model SF-10-U machine. The device is equipped with a preload
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maintainer. Attaching the specimens to the fixture with a collet device provided ex-
cellent axiality of load application. The high-cycle tests were conducted at 30 cycles/
sec. The ratio of minimum load to the maximum load in the axial fatigue tests, or

R factor, was 0.1. The stress concentration factor (K;) was 3,

In general, the scatter in life values was small at high stress levels and normal
near the endurance limit. The scatter from the trend line was more pronounced in tests
on the 9INi-~-4Co{250) steel than it was for the 18Ni steels. The endurance limits, at
10 million cycles, of the five steels shown in Figure 17 are:

Endurance Limit
Percent of

Steel Ksi Ultimate Strength
D6AC(250) 92 --
9Ni~4Co(250) 90 33
18Ni~Co~-Mo(250) VAR 63 - 23
18Ni-Co-Mo(250) AM 60 22
18Ni-Co-Mo(300) AM 55 19

The chart shows that decreasing the tensile strength of vacuum~arc-remelted 18Ni(250)
steel by 28,000 psi raised its endurance limit by 5000 psi. The air-~melted steel per-
formed as well as the vacuum-remelted steel in the fatigue tests.

The low~cycle high~stress fatigue tests were conducted in a modified ARC weld
Creep Machine of 12,000~1b capacity. With this deadweight, lever-arm machine the
elevator raised and lowered the loading weight cyclically until failure occurred. The
R factor was 0.1 and the rate was 0. 025 cycles/second. Figure 18 summarizes data
obtained in the high-stress low-cycle fatigue evaluations.

Since the tests were run at stresses of 200 ksi and higher, failures occurred in
less than 20,000 cycles. The maraging steel with the highest tensile strength had the
shortest fatigue life at all stress levels investigated. Of the other materials, the
18Ni(250) vacuum~arc-remelted steel gave the best test performances. It and the other
maraging steels seemed to fail from gradual growth of a crack originating in the notch.
In the bainitic 9Ni-4Co steel, on the other hand, failure typically occurred by growth or
coalescence of numerous cracks that formed independently.

Susceptibility to Stress-Corrosion Cracking

The susceptibility of the steels to stress-~corrosion cracking was evaluated by
subjecting them to a sustained axial tensile load under repeated cycles of immersion in
NaCl solutions and drying. The loading was applied by deadweight machines; the speci-
men container was open to the atmosphere to allow the specimens to dry between im-
mersions. The round, unnotched specimens shown in Figure 19 were degreased and
cleaned in acetone immediately before starting a test. Two surface conditions, three
chloride solutions, and three loading conditions were used for the studies.
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FIGURE 19. STRESS~CORROSION SPECIMEN

Table 24 lists results obtained on both air-melted and vacuum=-arc-remelted 18Ni
steels and on a vacuum arc remelted 9Ni-4Co(250) steel. The three failures, in
32 specimens, occurred in the radius of the specimen rather than in the minimum sec-
tion, Examinations disclosed that the failures originated at the locations of severest
end-grain condition. The tests showed that both the 18Ni{250) and the 18Ni(300) steels
have good resistance to stress-corrosion cracking. It should be noted that both failures
of the air-melted steel occurred at times in excess of the arbitrary 500 hours established

as the normal test duration.

The general corrosive attack by the NaCl sclutions on the surface of the 9Ni-4Co
steel was more severe than it was on the maraging~-steel specimens. Nevertheless, the
tests indicate that the bainitic steel showed good resistance to stress-corrosion cracking.
The two failed specimens exhibited large shear lips, and smaller cracks at the time of

failure than the 18Ni samples.

Fracture Toughne §s

The fracture toughness of specimens from the forgings was evaluated with the slow-
bend specimen shown in Figure 1 by the methods described previously in the section on

"Forging Reduction Studies''.

The data obtained in the slow-bend fracture-toughness tests are summarized in
Table 25, The K, . values are the most suitable for comparisons; the other values are

included because they were used in the calculations.

In general, the data showed no particular forging to be better or worse than others
in the same group. This means the toughness properties of the 18Ni(300) and the 9Ni-
4Co(250) steels were not affected by heat-to-heat variations. The average K . values
and their standard deviations were:
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Longitudinal, Short Transverse,
Material ksi +/in. ksi v/in.
18Ni(300) VAR 51.9 %1, 24 54,4 2, 08
18Ni{250) VAR 66.0 +1.93 - 66,3 x2,07
18Ni{250) AM 57.7 +1.24 58.3 3,2
9Ni-4Co(250) VAR 57.7 +2. 8 58,7 £3. 47

The average K, values were not very sensitive to specimen orientation with re-
spect to grain flow. Presumably, this reflects the uniformity of deformation within the
part chosen for study and the specimen locations. In all cases, the Kpc values were
higher or better for the short-transverse than the longitudinal specimens, The scatter
in individual measurements, however, was invariably larger among groups of short-
transverse specimens. Only in the case of the 18Ni(300) steel, however, were the dif-
ferences in means found to be statistically significant in the '"t" test (at P = 0. 05). The
lengths by which the cracks increased in going from the proportional limit to the point
of instability in the notched-bend tests were also greater for the short-transverse
specimens. This suggests that they would withstand more crack propagation before
failure.

The Kne values for the 18Ni(250) air-melted steel were lower than those for its
vacuum-arc-remelted counterpart. The difference is statistically significant. The Kp¢
values of the 9Ni-4Co steel are essentially the same as those for the air-melted marag-
ing steel, Supplementary experiments indicated that the second heat treatment did not
affect the fracture toughness of the bainitic steel.
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TABLE 24. STRESS-CORROSION TEST DATA ON ROUND, UNNOTGHED TENSILE SPECIMENS WITH -
SHORT-TRAVERSE GRAINS EXPOSED

Load, Percent of Failures No Failure
Conditions(2) ksi Fu Specimen Locarion{b} Hours Specimen Hours

18Ni{300) VAR Forgings Code "K"

B 260 90 B7 TS 113 AT, A8 333

260 20 B8 TS 7 D1 335
Cc 218 75 .- .- -- D8, E7, EB 332
A 210 72,9 A8 R 456 A5 528
210 2.5 Bé TS 301 B5, D5, D6 502
210 72,8 E5 R 340 E8 501

18Ni(250) AM Forpings Code "N"

B 242 90 -- -- -- A8, A7 411, 579
249 90 -- - -- B8, B7 406, 411
c 200 75 -- -- -- D17, DB 338
200 75 .- -- -- E7, E8 338
A 200 5 -- .- -- AB, A5 521, 575
' 200 75 B6 R 520 B5 _ 545
200 5 D8 R 686 D5 504
200 75 -- - .- E6, E5 504, 819

B 235 90 -- ‘- -- - A8, A7 446, 577
235 90 -- -- -- B8, B7 406, 446
c 195 75 -- -- -- D1, D8 333
195 75 -- -- -- D8, D7 300, 333
A 195 5 -- -- -- A5, AB 503, 507
195 75 -- -- -- B5, B6 501, 504
195 75 D6 R 433 D5 504
195 75 -- -- -- E6, ES5 501, 502

9Ni-4Co(250) VAR Forgings Code "L"

B 213 80 -- -- -- AB, A7 339, 575
213 80 B7 TS 191 B8 311

C 200 75 -- ' -- -- D7, D8 302, 338
200 75 -- -- .- E7, E8 338

A 200 75 A5 . TS 570 A6 520
200 75 -- - -- B5, B6 504
200 75 -- .- -- D5, D6 503
200 75 -- -- -- E5, E8 502, 518

{a) A = Vapor-honed surface, 3-1/2% NaCl solution; cycle: 9 minutes wet, 51 minutes drying,
B = Vapor-honed surface, 3-1/2% NaCl solution; cycle; 9 minutes wet, 51 minutes drying: higher stress ratic than "A™.
C = Hand-polished surface, 5% NaCl solution; cycle; 5 minutes wet, 15 minutes drying,

(b} TS = broke in test section; R = broke in radius.
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EVALUATION OF INGOTS, SLABS, AND 4-INCH PLATE

The effects of ingot size on the properties of 18Ni{250) steel were investigated by
Curtiss-Wright Corporation on material provided by Republic Steel Corporation. Ten-
sile and fracture-toughness tests were made on specimens taken from ingots, forged
slabs, and plates rolled to 4 inches,

Table 26 shows the ranges in chemical compositions found by analyzing samples
taken from 18 locations in each of four ingots. The vacuum-arc-remelted ingots were
Produced from the air-melted and vacuum-degassed Heat No, 331290. Although the
spread in composition tended to be a little wider in larger ingots, the differences are
not significant,

Tensile and Fracture-Toughness Tests

Table 26 also gives the ranges in mechanical properties, as the average of
triplicate tests, determined on specimens taken from 18 locations in the three vacuum-
remelted ingots. The reproducibility was poor, presumably because of the large size
of the as-cast grains. Consequently, the data do not permit one to judge whether the
properties varied with ingot diameter in the range from 18 inches to 32 inches. The
ranges were wider, however, for values representing the largest ingot.

Stock from each ingot was forged to slabs 10 inches thick and 40 inches wide.
Ultrasonic inspection showed the slabs to be sound. Mechanical-property data for
specimens taken at slab locations representing different positions in the ingot are
summarized in Table 27, They show that no particular location in the ingot was
agsociated with unusually high or low property values, Specimen orientation did not
affect the strength, ductility, or fracture-toughness values consistently. Among
specimens taken from comparable positions, however, longitudinal bars usually had
the highest yield strengths and transverse samples the best fracture-toughness values,
Specimens taken in the short-transverse direction ordinarily gave the lowest yield
strength, fracture toughness, and reduction in area values,

Specimens from slabs forged from the 32-inch ingot had better fracture-toughness
values than those from similar locations in the 24-inch and 18-inch ingots., Since the
differences were not so consistent between the 24-inch and 18-inch ingots, something
more than ingot size may have been involved. The yield strengths were lowest for
slabs from the 32-inch ingot and highest for those from the 18-inch ingot, This indi-
cates, as would be expected, an inverse relationship between yield strength and plane-
strain fracture-toughness values.

Slabs from the two larger ingots were hot rolled to plate 4 inches x 40 inches x
100 inches, One 10-inch-thick slab from each was rolled parallel to the longitudinal
direction of the ingot {straightaway). The total reductions are equivalent to approxi-
mately 7 and 5 to 1 for the 32- and 24-inch ingots, respectively. A second slab irom
~ the 32-inch ingot (Heat No. 3960882) was rolled in a direction transverse to the original
length of the ingot. Thus, the percentage reduction in ¢ross rolling this plate was a
little larger than the original reduction in the other direction in rolling the slab.
Table 28 summarizes the properties of the plate,
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TABLE 26.

RANGES IN CHEMICAL COMPOSITIONS AND MECHANICAL
PROPERTIES OF 18NI{(250) INGOTS(2)

Heat Number:
Melting Practice:

331290
AM-D

3960882

VAR

3920872
VAR

3930871
VAR

Ingot Size: 43-Inch Octagon 32-Inch Round 24-Inch Round 18-Inch Round
C 0.016/0.024(P)  0.017/0.026  0.017/0.025  0.015/0.023
Mn 0.11 0.07/0.09 0.07/0, 09 0. 09
P 0.003 0.004/0, 005 0.005/0. 007 0. 004/0. 007
S 0. 003/0. 006 0.003/0. 004 0. 003 0.003/0.004
Si 0.06/0, 07 0. 09 0.07/0.09 0. 07
Ni 17.70/17. 90 17.78/17.90 17.78/17.95 17.80/18. 00
Mo 4,87/5, 02 4,88/4.98 4.86/5. 00 4,95/5. 05
Al -- 0.09/0. 12 0.10/0.13 --
Co 7.75/7.80 7.70/7.80 7.74/7.85 7.90
Ti 0.45/0, 48 0.45/0. 49 0.46/0.50 0.48/0.50
B 0.0023/0,0025 0.0024/0,0026 0.0023/0,0026 0,0020/0,0035
Zr 0,021/0. 025 0.020/0. 027 0.022/0.027 0.023/0, 025
Brinell Hardness 245/290 280/302 280/322 268/302
Ultimate Strength, - 188.0/250.5 210.5/246.0  218.3/248.5

ksi
0.2% Offset Yield --
Strength, ksi

207.6/239.0 211,0/238.4 218,3/233.0

Elongation, % -- 1.0/10.2 1.0/8.8 1.0/5.7
Reduction in Area, % -- 0.8/34.4 1.1/29.5 1.2/34,9
Gy, in. -1b/in. 2 -- 184/511 257/832 342 /537

(a) The chemical analyses are ranges for determinations made at 18 locations in the ingots. The mechanical-property
values are ranges for triplicate tests on longitudinal, transverse, and short-transverse specimens from the edge, middle,
and center of slices taken from top and bottom ingot locations, The specimens were solution annealed 1 hour at 1500 F,
ait cooled, and aged 3 hours at 900 F,

The Gy, values were determined on 0.400-inch-wide, 0.400-inch-deep bars with machined notches 0. 060 inch deep;

the bending width was 3.2 inches, The depths of the fatigue cracks ranged around 0.048 inch.
(b) Chemical composition in percent.
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TABLE 27,

TENSILE AND FRACTURE-TOUGHNESS VALUES FOR SPECIMENS
TAKEN FROM 10 X 40-INCH SLABS OF 18Ni{250) STEEL(a}

——

—

Tensile Properties Fracture
Ultimate 0.2 Percent Toughness
Tensile Offset Yield Reduction (Average
Specimen Strength, Strength, Elongation, in Area, Gic),
Orientation ksi ksi percent percent in, -1b/in. 2
Heat No. 3930871, 18-Inch Ingot, Top Edge
T 254 242 8.3 28.5 330
ST 258 245.5 6.8 24.6 236
L 257 245 8.2 29.0 274
Heat No. 3920872, 24-Inch Ingot, Top Edge
T 252.6 241,7 4.0 18.9 215
ST 253.4 239.8 6.5 29.9 237
L 247.6 235.9 7.3 32.5 362
. Heat No. 3960882, 32-Inch Ingot, Top Edge
T 253.6 241,7 5.5 20.9 456
ST 256.3 241.5 6.3 21.0 372
L 253,.8 240.5 5.8 19.6 390
Heat No, 3930871, 18-Inch Ingot, Top Middle
T 258 246.0 6.0 26.8 355
ST 260 249.0 4,0 13,8 247
L 260 249.0 7.0 23.7 340
Heat No. 3920872, 24-Inch Ingot, Top Middle
T 253 239.5 7.0 33.6 299
ST 254. 4 238.8 5.5 15.8 259
L 253.8 239.4 7.0 31.8 280
Heat No. 3960882, 32-Inch Ingot, Top Middle
T 254.1 242.4 5.8 24.6 394
ST 254.3 243.5 5.5 18,1 280
L 253.0 240.2 5.5 18.0 432
Heat No. 3930871, 18-Inch Ingot, Top Center
T 257 249 9.3 32.8 384
ST 258 246 6.5 22.2 246
L 258 253 5.5 24. 1 322

87



TABLE 27.. (Continued)
Tensile Properties Fracture
Ultimate 0.2 Percent Toughness
Tensile Offset Yield Reduction {(Average
Specimen Strength, Strength, Elongation, in Area, Gie ),
Orientation ksi ksi percent percent in, -1b/in, &
Heat No. 3920872, 24-Inch Ingot, Top Center
T 251.4 237.4 5.5 28.1 318
ST 251,1 238.3 5.0 18.7 232
L 252.0 239.5 6.0 30.7 412
Heat No. 3960882, 32-Inch Ingot, Top Center
T 249.7 233,8 6.8 25,7 287
ST 250.5 235.3 4.7 17.2 252
L 242.3 235.4 7.5 34.1 308
Heat No. 3930871, 18-Inch Ingot, Bottom Edge
T 260 248.4 8.7 32,6 238
ST 257 245.0 7.8 27.8 258
L 259.4 248. 4 7.0 26,8 230
Heat No, 3920872, 24-Inch Ingot, Bottom Edge
T 259.5 248.9 7.8 31.2 299
ST 259.7 248, 1 7.0 32.6 348
L 259.5 250.2 7.5 30.5 267
Heat No, 3960882, 32-Inch Ingot, Bottom Edge
T 256.2 245, 7 7.0 31.6 361
ST 255,8 245, 4 3.8 . 272
L 256.4 245.1 8.5 37.5 354
Heat No. 3930871, 18-Inch Ingot, Bottorm Middle
T 260 250,9 7.5 32,0 339
ST 259.5 252.7 5.5 21,7 249
L 262.5 253.3 5.5 18 248
Heat No, 3920872, 24-Inch Ingot, Bottom Middle
T 255,2 238.5 7.5 32.9 277
ST 254,2 238.6 6.0 13,1 219
L 241.8 6.5 32.1 277

255.8
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TABLE 27,

{Continued)

Tensile Properties Fracture
Ultimate 0.2 Percent Toughness
Tensile Offset Yield Reduction (Average
Specimen Strength, Strength, Elongation, in Area, Gie),
QOrientation ksi ksi percent percent in. -1b/in. 2

Heat No, 3960882, 32-Inch Ingot, Bottom Middle

T 250.1 238.1 5.0 19.2 309

ST 234.1 243,5 3.7 7.6 264

L 256.4 248.6 5.0 24,8 297
Heat No. 3930871, 18-Inch Ingot, Bottom Center

T 260.8 250,7 7.8 33.1 338

ST 259.9 249.5 6.3 16.7 327

L 262.1 251.3 5.3 16.5 286
Heat No. 3920872, 24-Inch Ingot, Bottom Center

T 251,2 238.1 8.0 29.3 245

ST 249.9 237.9 2.5 8.0 195

L 252, 0 238.7 6.5 29.5 333
Heat No. 3960882, 32-Inch Ingot, Bottomn Center

T 253.3 245. 8 ‘5.8 21,1 317

ST 252, 2 244.8 6.5 14,4 271

L 255. 6 246.9 6.5 21,2 381

(a) Each value is an average for several observations, usually for three specimens. The specimens were solution-annealed
1 hour at 1500 F, air cooled, and aged 3 hours at 900 F.
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TABLE 28,

18Ni{250) STEEL(a}

TENSILE AND FRACTURE-TOUGHNESS PLATE VALUES
FOR SAMPLES TAKEN FROM 4-INCH PLATES OF

Tensile Properties Fracture
Ultimate 0.2 Percent . Toughness
Tensile Offset Yield Reduction (Average
Specimen Strength, Strength, Elongation, in Area, Gic)s
Orientation ksi ksi percent percent in. -1b/in. 2
Heat No, 3920872, 24-Inch Ingot, Top Edge
T 266.5 257.1 4,0 21.8 178
ST 265.9 257.1 6.0 17.8 177
L 270.3 264.8 6.0 32.3 193
Heat No. 3960882, 32-Inch Ingot, Top Edge
T 259.6 245.9 8.2 28.7 159
ST 257.7 244.5 5.3 17. 4 164
L 260.5 247.3 6.8 31.0 178
Heat No. 3960882T, 32-Inch Ingot, Top Edge
T 276.6 264.9 6.8 26.3 219
ST 239.0 260.9 2.0 2.8 214
L 277.1 265.4 5.5 19.8 202
Heat No. 3920872, 24-Inch Ingot, Top Middle
T 267.5 260.2 2. 8(b) 18.8 194
ST 265.6 255.9 2.5 16,2 183
L 269.9 262.5 3.3 22,17 154
Heat No., 3960882, 32-Inch Ingot, Top Middle
T 255, 1 244, 4 7.5 28.5 141
ST 254, 3 243.9 3. 0(b) 11.5 161
L 257.5 246, 1 6.7 30.0 157
Heat No. 3960882T, 32-Inch Ingot, Top Middle
T 255,9 244,5 7.3 29.1 269
ST 254, 9 243.9 1.5 2.8 212
L 257, 2 246,5 9.0 30.4 194
Heat No. 3920872, 24-Inch Ingot, Top Center
T 265.8 257.6 3. 3(P) 31.8 221
ST 268, 1 259.6 3.5 15,1 164
L 266, 7 259.8 4,0 28.6 206
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TABLE 28, (Continued)
Tensile Properties Fracture
Ultimate 0.2 Percent Toughness
Tensile Offset Yield Reduction (Average
Specimen Strength, Strength, Elongation, in Area, Gic)s
Orientation ksi ksi percent percent in, -1b/in, 2
Heat No. 3960882, 32-Inch Ingot, Top Center
T 256.3 248.0 6.5 26.9 166
ST 254,7 244.0 3. 0(P) 8.0 134
L 257.1 242.8 8.0 19.7 177
Heat No. 3960882T, 32-Inch Ingot, Top Center
T 257.2 246.1 7.5 29.3 254
ST 254,1 242, 4 2.8 3.8 198
L 257.2 246, 4 9.0 32.3 169
Heat No. 3920872, 24-Inch Ingot, Bottom Edge
T 267.0 258.3 6.3 26,2 192
ST 264.7 255.0 4, 5(b) 19.5 149
L 268. 3 259.9 2. 5(b) 29.9 156
Heat No. 3960882, 32-Inch Ingot, Bottom Edge
T 260.3 250.5 .5, 5(p) 27.1 166
ST 253.1 240.9 2. 5(b) 22.5 168
L 261.6 250.8 7.8 33.1 138
Heat No. 3960882T, 32-Inch Ingot, Bottom Edge
T 260 244.5 7.5 26.9 250
ST 259.1 240.9 5.0 13,1 253
L 270.6 255, 2 7.5 30.0 211
Heat No, 3920872, 24-Inch Ingot, Bottom Middle
T 270.7 260,2 4.5 26,2 233
ST 267.2 256.9 4.3 10,1 162
L 270.6 259.9 4,0 29.5 203
Heat No. 3960882, 32-Inch Ingot, Bottom Middle
T 264.,2 258, 7 5.8 23.1 165
ST 245.9 254.1 2.3 . 156
L 262.,7 255, 7 7.5 35.5 153

91



TABLE 28, (Continued)
Tensile Properties Fracture
Ultimate 0.2 Percent Toughness
Tensile Offset Yield Reduction (Average
Specimen Strength, Strength, Elongation, in Area, Gie),
Orientation ksi ksi percent percent in, -1b/in. 2
Heat No, 3960882T, 32-Inch Ingot, Bottom Middle
T 258.1 244.1 3.5 28.3 156
ST 248.5 243, 9 1.0 -- 192
L 261.3 245,3 6.3 29.6 184
Heat No. 3920872, 24-Inch Ingot Bottom Center
T 263, 7 252.7 4,8 24,1 172
ST 262.5 257.2 3.0 15,1 164
L 264.5 256.5 2.3(b) 30.5 194
Heat No, 3960882, 32-Inch Ingot, Bottom Center
T 262.3 258.4 4.0 30. 4 146
ST 264, 2 259.7 2.0 5.6 127
L 263.2 257.4 5.0 32,1 156
Heat No. 3960882T, 32-Inch Ingot, Bottom Center
T 258.0 251,0 5.3 29.7 188
ST 205.0 - 1.3 1.0 145
L 258.1 250.8 3.5 2l.2 133

(a) Each value is an average for several observations, usually for three specimens, The specimens were solution annealed
1 hour at 1500 F, air cooled, and aged 2 hours at 800 F,

{b) Specimens broke ourtside the gage marks,
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The 4-inch plates had higher yield strengths than specimens taken from slabs;
the average difference amounted to about 12 ksi. Rolling had no consistent effect on
tensile reduction in area values, but impaired the elongation and fracture-toughness
values. The latter change was quite pronounced, amounting to a drop of almost half
the level for specimens taken from the 10-inch slabs, Although the cause is unknown,
other investigators have noticed that plane-strain fracture-toughness values for
maraging steels drop precipitately as yield strengths increase over approximately
245 ksi, When the comparison is restricted to plate samples, however, the Gjc values
are relatively independent of yield strength. For instance, the average fracture-
toughness value for plates with yield strengths exceeding 250 ksi did not differ signifi-
cantly, statistically, from that of plates with yield strengths below 245 ksi,

The average fracture-toughness value of samples from top cuts were better
(G1c = 190) than those for specimens with the same orientation taken from bottom cuts
(Gic = 171), but the differences were neither completely consistent nor statistically
significant. The tensile ductility and yield strengths were poorer for samples taken
in the short-transverse direction, The fracture-toughness values for edge, middle,
and center locations were essentially identical.

Rolling practice and ingot size apparently influence the mechanical properties of
the heat-treated 18Ni(250) steel to some extent. Plate straightaway rolled from the
24-inch ingot gave more consistent data and slightly higher strengths than straightaway-
rolled plate from the 32-inch ingot. On the other hand, the cross-rolled plate from the
large ingot had the best fracture toughness. The plate rolled from the 32-inch ingot
had the poorest Gj. values., This difference, attributed to rolling practice, is judged
to be a real effect based on the Student's 't'"" test for statistical significance., The same
type of statistical analysis indicates that the apparently superior fracture toughness of
the product from the 24-inch ingot, compared to that of the straightaway-rolled 32-inch
ingot product, is not due to experimental scatter. In this case, however, it is difficult
to decide whether the variation in fracture toughness resulted from differences in
rolling reduction alone or from ingot size.

Metallographic Examinations

The inclusion contents of ingot, slab, and plate products from the three vacuum-
arc-remelted heats of 18Ni(250) steel were considered uniformly high from top to
bottom and from edge to center locations, On the JK system for classifying inclusions,
all materials had the following ratings:

D, Fine; 4-5 D, Heavy; 2-3

Specimens from ingots developed light- and dark-etching areas. The white spots
were caused by retained austenite, and they had lower hardnesses. The size and
number of the austenitic spots were not related to location in the ingot or ingot size,
The microstructure of specimens from slabs and plates were more homogeneous. The
grain sizes were smaller than the characteristic size of air-melted ingots, and the
differences in hardness between light- and dark-etching spots were smaller.
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PROCESSING AND EVALUATION OF SHEET AND PLATE

The objective of this phase of the research program was to determine the opti-
mum conditions for mill processing and heat treating 18Ni steel to strengths of 300-
and 250-ksi, and 9Ni-4Co steel to 250- and 200-ksi strength levels. Studies were
made on both sheet and plate rolled from steels produced by different melting and
deoxidation practices. Tensile and fracture-toughness tests were used to judge the
effects of the following processing variables:

(1} Hot-rolling temperature for plate

(2) Hot-rolling temperatures for sheet

(3) Cross rolling

(4) Thicknesg of the product

(5) Solution-treating temperature

(6) Aging temperature.

Stress-corrosion tests were run on some products, A variety of fracture-toughness
specimens were employed depending on the gage of the product being evaluated,

Processing Studies on 18Ni Sheet and Plate

Melting and Fabrication Background

The 250-ksi grade of this steel was produced in ingot form by the Republic Steel
Corporation and the U. S. Steel Corporation. The Vanadium Alloys Steel Company
produced the 300-ksi grade, Table 29 indicates the initial heat numbers involved and
the final heat numbers assigned by Republic when vacuum-arc remelting (VAR) was
used during processing, These ingots were converted into forged shapes and then
rolled to the flat-rolled products indicated, The studies were carried out by Republic
Steel Corporation,

TABLE 29, BACKGROUND INFORMATION ON 18Ni MARAGING-STEEL HEATS USED FOR ROLLING AND
HEAT-TREATMENT STUDIES

e —— e

18Ni (300 ksi)

Type Steel: 18Ni (250 ksi)
Original Producer: U.S. Steel Republic Vanadium
Producers’ Heat Number: X53088 3221290 AM 08749
ingot Remelrter: Not remelted Not remelted, Republic --
Final Heat Number Assigned: X53088 3321290 3920864 08749
Melting/Deoxidation Practice: AM ' AM-D VAR VAR
Republic Specification: RSC-AF-1Cl11  RSC-AF-1Gl1 RSC-AF-1ClIl  RSC-AF-1ClIiI
Thickness of Plate Product Produced, inch; 0.375 0.375 0.375 --
0.750 0,750 0.750
3.0 3.0 3.0
Gage of Sheet Products Produced, inch: 0.045 0.045 0.045 0.045
0.160 0.160 ¢. 160 0.160

Mill Products Destination:

Aerojet~General

Aergjet-General

Aerojet-General

Aerojet -General
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Testing Conditions

For this part of the evaluation of the 18Ni maraging steel, the sheet and plate
specimens were solution annealed for 1 hour at 1500 F and air cooled. Then they were
aged 3 hours at 900 F, air cooled, and tested.

The starting material for the plate-rolling studies was in the form of 4 x 16-inch
forged section, The sheet-processing studies were made on 0. 4-inch-thick sheet bar
processed from the 4 x 16-inch sections,

Tensile tests were made on standard strip specimens,
Two kinds of fracture-toughness specimens were employed:

(1) For the 3/8-inch plate, precracked (0. 02 to 0, 04-inch-deep cracks)
nonstandard Charpy bars, 0.350 x 0,394 inch

(2) For the 0, 16-inch sheet, 3-inch-wide center-notched tensile specimens
of the type shown in Figure 20.

Comparisons among the precracked Charpy specimens were based on W/A values (in. -
1b absorbed/in, 2 of area under the notch). The fracture toughness of the center-notch
tensile specimens was judged on the basis of their N/YS ratios. That is, the ratio of
the fracture load divided by the original uncracked area of the notched specimen to the
- 0.2 percent offset yield strength,

Hot-Rolling Studies — 3 /8-Inch Plate

Figure 21 shows that varying the hot-rolling temperature from 1950 to 2150 F
had no significant effect on the tensile properties of 18Ni (250) vacuum-arc-remelted
steel. Tests on the comparable air-melted steel (Heat No. 3321290), which was also
the parent heat for the VAR steel, gave similar results, except that the dip in yield
strength associated with rolling at 2050 F was more pronounced, being about 17 ksi.
Since the effect was noted in studies on both materials, it appears to be real.

From the standpoint of fracture toughness, 1350 F is the best rolling tempera-
ture, It developed the following combination of properties:

Yield strength, ksi 284 for air melted, 278 for VAR
W/A, in. -1b/in, 2 675 for air melted, 1240 for VAR

Thus, the test data also indicated that vacuum-arc remelting improves the fracture
toughness of maraging steel.

Hot Rolling Studies — 0, 160-Inch Sheet

The sheet-rolling studies were made on three heats of 18Ni steel. The effects of
nine combinations of sheet-bar and sheet-rolling temperatures on mechanical properties
of the maraging steel are summarized in Table 30, The table shows that the (300) VAR
material from Heat No. 08749 was more sensitive to variations in rolling temperature
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FIGURE 20. CENTER-NOTCH TENSILE SPECIMEN FOR EVALUATING THE
0. 045 AND 0, 160-INCH-THICK SHEET MATERIAL
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TABLE 30, EFFECT OF ROLLING TEMPERATURE ON PROPERTIES OF
0.160-INCH-THICK SHEET OF 18Ni STEEL
Rolling Tensile Fracture
Code Temperature, Strength, 0.2 Percent Yield Toughness,
Number F ksi Strength, ksi N/Y S
Sheet Bar Rolled at 1950 F
(300) VAR 1450 282.5 275.5 0. 635
Ht. 08749 1550 287, 5 282.0 0.690
1650 279.0 271.0 0,700
{250} VAR 1450 284. 0 279.0 --
Ht. 3920864 1550 279.5 273.0 0. 680
1650 276.0 272.5 0.530
(250) AM-D 1450 286.0 283.0 0. 525
Ht, 3321290 1550 288.0 282.0 0. 460
1650 285, 0 278.0 0. 500
Sheet Bar Rolled at 2050 F
(300) VAR 1450 296, 5 296.5 0. 440
Ht. 08749 1550 282.0 276.0 0,700
1650 288, 0 283.5 0.620
(250) VAR 1450 285.0 281,0 0.560
Ht. 3920864 1550 281. 0 273.0 0.510
1650 274,5 267.5 0.550
(250) AM-D 1450 284, 0 278.0 0.510
Ht, 3321290 1550 282.0 275.5 0.525
1650 274.0 266.5 0.610
Sheet Bar Rolled at 2150 F
(300) VAR 1450 295, 0 292.0 0.500
Ht. 08749 1550 280.0 276. 0 0. 660
1650 284.0 278, 0 0. 650
(250) VAR 1450 279.5 274.5 0. 420
Ht. 3920864 1550 284, 5 280.0 0.530
1650 283.0 276.0 0.610°
(250) AM-D 1450 281.0 276.0 0.550
Ht. 3321290 1550 285, 0 274.0 0.550
1650 278.0 270.0 0.490

*Nominal strength of center notched -tensile specimen divided by the yield strength.

98



than the other steels. The highest strength resulted from rolling sheet at 1450 F after
plate rolling at 2050 or 2150 F, but sheet bar that had been rolled at 1950 F gave more
consistent results. The fracture toughness of the 18Ni (300) VAR material appeared
to be superior to that of the other two materials, In general, however, the 18Ni (250)
VAR sheet material did not exhibit better fracture toughness than its air-melted
counterpart,

Based on these test results, it was concluded that the following rolling tempera-
tures resulted in the best combination of strength and toughness in 18Ni steel:

Plate and sheet bar rolling 1950 F
Sheet rolling 1550 F

Cross-Rolling Studies

The cross-rolling studies were made on stock from Heat No. 3920864 which had
been vacuum-arc remelted.

For the plate studies, a 2-1/4 x 12-inch section was rolled to 3/8-inch plate at
1950 F with 0, 50, and 67 percent transverse reduction (with respect to the original
rolling direction). Figure 22 shows that the anisotropy reflected by tensile properties
was decreased by the 50 percent cross-rolling treatment, In the plate which received
67 percent reduction by transverse rolling, anisotropy reappeared; the transverse
specimens having higher strengths,

The fracture-toughness data in Figure 22 indicate that cross rolling was bene-

ficial. This is somewhat surprising because the W/A values of the precracked Charpy
bars seem to be independent of specimen orientation,

Cross Rolling

The effects of cross rolling in reduction schedules in reducing sheet bar to sheet
were also investigated, The 0. 64-inch-thick sheet bar had been rolled at 1950 F, with
67 percent cross rolling from a 4-inch section, That stock was then rolled at 1550 F
to 0. 16-inch-thick sheet, with various additional cross rolling. '

Figure 23 shows the properties of sheet produced by the three rolling schedules.
Cross rolling had no significant effect on tensile strengths. This agrees with common
experience, The chart also indicates that 50 percent reduction by cross rolling
lowered, and 67 percent reduction improved, the fracture toughness. The changes are
difficult to account for because N/YS values are gquite similar for specimens taken
parallel and transverse to the original rolling direction. Perhaps the apparent dif-
ferences were caused by some factor other than the intended variable (cross rolling).

Heat- Treatment Studies

It had been reported that re-solution annealing of mill-annealed maraging steel
plate, prior to aging, resulted in a variation in tensile and fracture-toughness proper-
ties. Since reproducibility was considered important, this point was investigated.
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Sheet and plate samples were heat treated in a variety of ways: -

(1) Specimens were subjected to two l1-hour solution-annealing treat-
ments at 1500 F, 1550 F, 1600 F, and 1650 F. Comparison samples
were given a single treatment at the same temperatures. All of
these samples were aged at 900 F for 3 hours,

(2) Samples solution treated for 1 hour at the temperatures mentioned
above were aged at 950 F and their properties compared with samples
aged at 900 F.

Solution Annealing., Figure 24 shows that 3/8-inch plates solution annealed at
1500 F developed higher strengths than those heat treated at the other temperatures
investigated. The second annealing treatment at that temperature or at 1550 F, how=~
ever, lowered the strengths slightly., The effect of doubling the time appeared to be
roughly equivalent to raising the solution-annealing temperature by 50 F. Tensile
elongation values were not affected by variations in solution-annealing schedules.

The chart also shows that the re-solution annealing at 1500 F impaired the frac-
ture toughness of sheet previously annealed at that temperature. On the other hand,
the double treatments at 1600 or-1650 F improved fracture toughness without impairing
yield or ultimate strength,

Figure 25, which summarizes the data for 0, 160-inch sheet, shows that the
tensile properties developed by a single-solution anneal were independent of the
annealing temperature, This was not true for the plates from the same heat. Repeat-
ing the solution treatment at 1500 ¥ raised the strength; repeating the solution anneal
at any of the three higher temperatures lowered the strength about 5000 psi,

Repeating the solution-annealing treatment at the same temperature had no effect
on the fracture toughness of the sheet in the aged condition, This lack of response to
the second solution treatment did not agree with the results on the plate specimens,
Solution annealing at 1500 F or 1650 F developed better fracture toughness than anneal-
ing at interrmediate temperatures,

Aging. The response of solution-annealed maraging steels to aging at 850 F to
950 F is a nonlinear function of the time at temperature. The sensitivity to differences
in aging time seems to be more pronounced at lower aging temperatures. Because it
is difficult to control temperatures closer than 25 F in commercial operations, an
aging temperature of 925 25 F seems most likely to give consistent results. There-
fore, experiments were conducted in order to determine the variations in mechanical
properties to be expected among sheets and plates aged at 900 F and 950 F.

Figure 26 shows that plates solution treated at 1600 F or 1650 F developed
equivalent mechanical properties after aging at either 900 or 350 F for 3 hours. In
samples solution treated at 1500 or 1550 F, aging at 900 F developed better strength
and toughness than aging at 950 F, The best combination of properties was developed
by solution annealing at 1500 F and aging at 900 F.

In general, the tensile properties of sheet samples showed the same responses
to variations in solution and aging treatments as the plate samples. Figure 27 shows
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that, among samples solution treated at 1500 F or 1550 F, aging at 900 F developed
strengths about 6-ksi higher than aging at 950 F. On the other hand, samples solution
annealed at 1600 F or 1650 F were relatively insensitive to differences in aging temper-
ature., The strengths of sheet and plate samples were approximately the same when
intermediate annealing temperatures were employed,

Fracture-toughness values for the sheet specimens showed significant, although
unexplained, differences between aging treatments, The best combination of properties
seemed to result from solution annealing at 1650 F. Such specimens exhibited equwa-
lent and good toughness values after aging at either 900 F or 950 F'. So far as con-
sistency is concerned, this agrees with the properties for plates.

The heat-treating studies indicate that the most consistent properties in 18Ni
maraging steel will be obtained by solution annealing at 1650 F and aging at 925 +25 F.

ProcessiggﬁStudies of 9Ni-4Co Sheet and Plate

Melting and Fabrication History

. This grade of steel was produced in ingot form by three steel companies, Table
31 indicates the heat numbers and prior history of the steels, These processing
studies on flat-rolled products were conducted by Republic Steel Corporation.

TABLE 31. BACKGROUND INFORMATION ON 9Ni-4Co ALLOY STEELS USED FOR ROLLING AND
HEAT-TREATMENT STUDIES

Original Final . Melting/ Republic Gages
Producer and Heat Deoxidation Specification Rolled,: *
Heat Number Number Practice Involved inch Destination

250-Ksi Grade Sheet

Republic 3321246 AM-8i/A1-DOX RSC-AF-34A, C11 0. 045 Aerojet-General

3321248 0, 160
3920851* Si/Al-DOX-VAR RSC-AF 3A, C1 1T 0. 045 Aerojet-General
0,160
Republic 3321262 D-C-DOX -- -- Phase I11
3321262 3920852 VAR-C-DOX RSC-AF-34, C1 111 0. 045 Aerojet-General
0,160

200-Ksi Grade Plate

Lebanon 3920795° VAR-C-DOX RSC-AF-24A, C11II 0,375 Aerojet-General
W 1443 . 0, 750
3.0
Standard 3920835* $1/A1-DOX-VAR " RSC-AF-24, C1 11 0,375 Aerojer-General
Steel 0. 7580
E-5565 3.0
E-5565 AM-8i/Al-DOX RSC-AF-2A, C11 0.375 Agrojet-General
0, 750
3.0

Remelted by Republic Steel Corporation,
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Testing Conditions

Rolling studies were conducted at 1850 F, 1950 F, and 2050 F to determine opti-
mum rolling temperatures and cross-rolling ratios for 9Ni-4Co (200) plate. 3/8-inch
plate specimens were heat treated as follows before their mechanical and fracture-
toughness properties were determined:

Normalize at 1650 F for 1 hr, air cool

Austenitize at 1550 F for 1 hr, oil quench

Double temper at 1000 F for 2 hr each, air cool,
The plates were rolled from forged slabs 4 inches thick.

Rolling studies were also conducted to determine optimum rolling temperatures
and cross rolling ratios for 9Ni-4Co (250) sheet, Specimens were heat treated as
follows before their mechanical and fracture-toughness properties were determined:

Normalize at 1650 F for 1 hr, air cool

Austenitize at 1475 F for 1 hr, oil quench

Refrigerate at -100 F for 2 hr

Double temper at 400 F for 2 hr each, air cool.

The specimens and testing conditions employed for evaluating the effects of pro-

cessing conditions were identical with those used for the 18Ni maraging steels,
described above, '

Hot-Rollinjgl_Studies - 3/8-Inch Plate

Figures 28 and 29 indicate that the tensile properties of 9INi-4Co (200) steel are
relatively insensitive to variations in rolling temperature, The vacuum-arc-remelted
steel, however, exhibited far better fracture-toughness values than the air-melted
heat (Heat No. E5565). The properties of the third heat evaluated {Heat No. 3920835)
were intermediate between those shown in the two charts.

Based on these studies, 1950 F was chosen as the optimum temperature for
rolling 9Ni-4Co plate and sheet bar. The data indicate that this practice provides a
reasonable assurance of meeting the specification requirements for mechanical
properties.

Hot-Rolling Studies — 0. 160-Inch Sheet

The studies on effects of sheet-rolling temperature on properties of the 9Ni-4Co
(250) steel were made on stock from three heats that were expected to develop yield
strengths of 250 ksi, The effects of nine combinations of sheet-bar and sheet-rolling
temperatures are summarized in Table 32, The sheet-bar gage was 0.4 inch.

Table 32 shows that the fracturé-toughness values of sheet from the air-melted
heat (Heat No, 3321246) were poorer than those for vacuum-arc-remelted steel. The
properties of the 9Ni-4Co {250) sheet produced from sheet bar rolled at 1850 F were
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TABLE 32, EFFECT OF ROLLING TEMPERATURE ON PROPERTIES OF
0.160-INCH- THICK SHEET OF 9Ni-4Co (250) STEEL

Rolling Tensile . Fracture
Temperature, Strength, 0,20 Percent Yield Toughness,
Code Number F ksi Strength, ksi N/ysi?)

Sheet Bar Rolled at 1850 F

AM-D 1400 285, 1 247.5 0.307
Ht 3321246 1500 2851 245, 2 0. 293
1600 284,1 243. 2 0,276

SifAl-DOX-VAR 1400 289, 2 248, 6 0, 265
Ht 3920851 1500 287.0 248, 2 0.322
1600 283.7 243, 2 0.306

VAR-C~-DOX 1400 287.8 243, 5 0.300
Ht 3920852 1500 290.0 246.1 0.340
1600 ‘ 278.2 236,3 0,315

Sheet Bar Rolled at 1950 F

AM-D 1400 287.2 252. 8 0, 268
1500 284, 6 241, 2 Q0,290

1600 - 287.7 244, 6 0. 266

Si/Al-DOX-VAR 1400 287.0 243.6 0,273
Ht 3920851 1500 288, 0 250.6 0,287
_ 1600 295, 2 254, 7 0. 262

VAR~D-DOX 1400 288.3 248. 0 0, 339
Ht 3920852 1500 282.1 239.9 0.326
1600 282.1 246, 6 0, 284

Sheet Bar Rolled at 2050 F

AM-D 1400 273, 4 240. 0 0.303
1500 288.6 Z2h1.8 0,299

1600 293.8 249, 2 0,320

Si/Al-DOX-VAR 1400 282.9 250, 7 0. 288
Ht 3920851 1500 284, 7 244, 2 0.302
1600 294, 0 249, 5 0.272

VAR~-C-DOX 1400 287.7 243.5 0.301
Ht 3920852 1500 284, 6 238, 2 0,321
1600 281.8 235.1 0.312

(a) Nominal strength of center-notched tensile specimen divided by the yield strength,
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very consistent, This was true for all three steels investigated. Sheet produced from
plate rolled at 1950 F or 2050 F exhibited a wider spread in mechanical properties.

Rolling sheet at 1500 F', from sheet bar rolled at 1850 F, produced the best
mechanical properties in the 9Ni-4Co (250) VAR-C-DOX steel. That combination
of rolling temperatures was also suitable for the other two steels.

Based on the data in Table 32, the optimum rolling temperatures for 9Ni-4Co
{250) steel were:

Sheet-bar rolling 1850 F
Sheet rolling 1500 F
It should be noted that 1950 F was the temperature recommended for rolling plate that

was not to be rerolled to sheet. The conclusion that 1850 F is better for sheet bar was
based largely on the desire to ensure consistent results on different lots of sheet.

Cross-Rolling Studies

Slabs of 9Ni-4Co (200) steel 2~1/4-inches thick were rolled to 3/8-inch plate at
1950 F, with cross-rolling reductions of 0, 50, and 67 percent. Earlier work had
indicated that 1950 F was the best rolling temperature for plate. The stock came from
Heat Nos, 3920835 and 3920795, representing two variations of vacuum-arc-remelted
steel, Figure 30 illustrates the results cbtained for the latter heat. Yield and tensile
strengths were relatively insensitive to cross rolling. This was also true for elonga-
tion values and for fracture-toughness values determined on longitudinal specimens,
On the other hand, cross rolling improved the fracture-toughness values of samples
taken perpendicular to the major rolling direction, Cross-rolling reductions of about
67 percent apparently minimize anisotropy of 9Ni-4Co plates.

To investigate the effect of cross rolling on mechanical properties of heat-
treated sheet, 0. 65-inch-thick sheet bar was rolled at 1550 F to 0. 160-inch sheet,.
Sheets of the 9Ni-4Co (250) VAR-C-DOX and Si/Al-DOX VAR steel were reduced with
cross-rolling reductions of 0, 50, and 67 percent.

So far as yield and tensile strengths are concerned, cross rolling 50 percent had
no effect; none of the specimens were markedly anisotropic, The larger amount of
transverse rolling improved the strength of longitudinal specimens, the changes
ranging from 2 to 7 ksi.

The fracture-toughness values of sheets from the two heats did not show a
consistent response to cross rolling, 'Increasing the amount of cross rolling lowered
the N/YS values of longitudinal specimens of Heat No. 3920851 and raised those of
transverse specimens of Heat No, 3920852, Cross rolling did not affect the fracture-
toughness of specimens taken perpendicular to those just mentioned. Thus, it appears
that cross-rolling reductions of 50 percent resulted in a minimum amount of mechan-
ical anisotropy.
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Heat Treatment Studies — 3 /8, 3/4-Inch Plate

The 9Ni-4Co (200) steel is intended for use at the 170 to 180-ksi yield-strength
level. That strength can be obtained by tempering at 950, 1000, or 1050 F. The cur-
rent practice of using two 2-hour tempering treatments gives reproducible results.
However, it would be more economical to use a single 4-hour treatment, Therefore,
the effects of the two tempering practices were evaluated on samples of 3/8-inch
plate, )

All plate specimens were austenitized at 1550 F for 1 hour and then oil quenched.
Specimens allocated for double-tempering treatments were treated at 950, or 1000, or
1050 F, each for 2 + 2 hours, followed by air cooling. Specimens allocated for single
tempering were heated at 950, or 1000, or 1050 F, each for 4 hours, followed by air
cooling,

The experimental plates represented Heat Nos, 3920835, E5565, and 392075,
Differences in tensile and fracture toughness attributable to melting practice were
detected. The ductility, impact resistance, and fracture toughness of the VAR-C-DOX
material was decidedly superior to the properties of the other steels, In general, the
fracture toughness of these 9Ni-4Co steels was lower than reported by earlier
investigators,

Figure 31 shows the effect of different tempering treatments on the mechanical
properties of the VAR~ C-DOX steel (Heat No. 3920795). The S8i/Al-DOX-VAR steel
(Heat No, 3920835) responded similarly, The chart showed that double tempering at
1000 F developed the highest yield strength, about 10 ksi better than other treatments.
It also gave the best fracture-toughness values. The W/A plateau for double temper-
ing was about 3700 in. -1b /in, 2, compared to about 3400 in, -1b/in. 2 for the single-
temper treatment,

The response of 3/4-inch plate samples from Heat No, 3920795 to various tem-
pering schedules is shown by the data in Table 33, The tensile strength decreased
gradually and regularly with increasing tempering temperature up to 1200 F. Temper-
ing at 1100 F or lower temperatures, however, had no effect on the yield strength,
Tempering at 400 or 600 F did not improve the Charpy values in comparison to those
for as-quenched specimens, but higher temperatures were beneficial. The fracture-
toughness values for fatigue-cracked Charpy specimens increased gradually with
tempering temperature in the range up to 1100 F and then dropped. Variations in
tempering time, or between single and double treatments, did not have significant ef-
fects on mechanical properties, Both types of notched bars indicated that specimens
taken in the longitudinal direction were tougher than transverse specimens.

Heat- Treatment Studies — 0, 160-Inch Sheet

The 9Ni-4Co type of steel can be heat treated to either a martensitic or a bainitic
microstructure, Many investigators had reported that the bainitic structure exhibits
~ better fracture toughness than martensitic steels with equal strengths. Therefore,
both types of heat treatment were investigated on sheet 0, 160-inch thick.

~ All specimens for the study received the following preliminary heat treatments:

(1) Normalized at 1650 F for 1 hr, air cooled
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(2) Austenitized at 1475 F for 1 hr, oil quenched for martensitic
specimens

{3) Austenitized at 1475 F for 1 hr, quenched in salt at a temperature
appropriate for bainitic specimens,.

Martensitic Specimens

The martensitic specimens were double tempered, 2 plus 2 hours, at 400, 450,
or 700 F.

Figure 32 shows, as would be expected, that the strength of the 9INi-4Co steel
decreases as the tempering temperature is raised. The change amounts to about 10
ksi in yield or tensile strength for a 50 F change in tempering temperature. The yield
strength of the other steel investigated (Heat No, 3920851) was about 10 ksi higher
than that shown for the VAR-C-DOX steel after tempering at 400 or 450 F.

Tempering at higher temperatures improved the fracture toughness, The N/YS
values shown in Figure 32 are much better than those obtained on the Si/Al-DOX-VAR
steel (Heat No, 3920851), which ranged from 0, 295 to 0. 380,

Bainitic Specimens

The bainitic specimens were transformed isothermally by holding 8 hours at
450, 475, or 500 F', or by holding 6 hours at 475 or 500 F. Increasing the transforma-
tion time from 6 to 8 hours had no effect on the yield strength of Heat No. 3920852 but
lowered that of Heat No, 3920851 by about 10 ksi, No effect of transformation time
on tensile strength was detected in either material. The effect of transformation tem-
perature on fracture toughness shown in Figure 33 is typical of that found for both
materials,

‘As in the case of martensitic specimens, Heat No, 3920852 had better N/YS
values than Heat No, 3920851,

The tensile properties corresponding to the three transformation temperatures
investigated showed a distinct advantage in favor of the 475 F temperature for both
steels, The 230-ksi nominal yield strength attained at this transformation temperature
was 10 to 15 ksi above the nominal yield strengths attained at transformation tempera-
tures of 450 and 500 F. The tensile strength at all transformation temperatures was
260 ksi or higher,

The fracture-toughness-test results of the specimens transformed for 8 hours
followed the inverse strength-to-toughness relationship. As with the martensitic heat
treatment, a more pronounced effect of transformation temperature on toughness was
observed in the VAR-C-DOX material, N/YS values varied from a minimum of 0. 700,
corresponding to the 475 F transformation temperature, to 0.780, corresponding to
the 450 F transformation temperature, The N/YS values of the Si/Al-DOX- VAR steel
varied from a minimum of 0, 500, corresponding to 475 F bainite, to 0,540, correspond-
ing to 500 F bainite, Fracture-toughness-test results of the specimens transformed
for 6 hours at 475 and 500 F were not in accord with the results obtained for specimens
transformed for 8 hours at the corresponding temperatures. The N/YS values in this
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case varied directly as the strength, as opposed to inversely, as shown above. The
N/YS values of the specimens transformed for 6 hours at 475 F were 0. 100 unit above
those determined in specimens with 10-ksi-lower yield strengths transformed for 6
hours at 500 F.

Bainite Versus Martensite. Figures 34 and 35 clearly substantiate the claims
of improved fracture toughness with the bainitic heat treatment. These figures show
plots of yield strength and tensile strength versus fracture toughness for both the
martensitic and bainitic heat treatments, For the VAR-C-DOX material, it may be
seen that 2 minimum advantage of 0. 250 N/YS unit is attained at all strength levels with
the bainitic heat treatment, A lesser improvement was seen in the Si/Al-DOX-VAR
material. As shown above, this material was less responsive to variations in heat
treatment and, in general, attained lower fracture-toughness levels,

Evaluation of 18Ni Steel Plate and Sheet

Prior History

The 18Ni (250) maraging steel was supplied to Aerojet-General Corporation as
0. 045-inch and 0. 160-inch sheet and as 3 /8-inch, 3/4-inch, and 3. 0-inch plate. The
steels came from air-melted Heat No. 53088 and vacuum-arc-remelted Heat No.
3920864. In addition, sheets from vacuum-arc-remelted Heat No 08749 were also
evaluated. The producers of the heats are indicated in Table 34, All stock was re-
ceived in the solution~-treated condition, The specimens were aged by Aerojet-General
for 3 hours at 925 5 F in a resistance-heated vacuum furnace. That aging treatment
was chosen on the basis of experiments previously conducted by Republic Steel
Corporation, All data in this section of the report were obtained by Aerojet-General
Corporation,

TABLE 34, PRIOR HISTORY OF PLATE AND SHEET PRODUCTS USED FOR EVALUATION OF 18Ni STEELS
e

Heat Melting
Number Producer Practice Grade Product Thickness, inch
3321290 Republic Steel Corperation AM-D . 250 3.0
08749 Vanadium Alloy Steel Company VAR 300 0,045, 0,160
3920864 Republic Steel Corporation VAR 2560 0. 045, 0, 160,0, 375,0,750, 8,0
53088 United States Steel Corporation AM 250 0, 045, 0, 160, 0.375,0. 750
604 Lukens VAR 200 0.60t0 0,75
3920556 Republic Steel Corporation VAR 200 0.60 to 0,75

v —_ e — ke ra¢L e e e et g e ]
m——t —————— ey

Tensile Properties

Tensile properties of sheet and plate as determined on longitudinal and trans-
verse specimens are summarized in Table 35. Threaded round specimens were taken
from the 3 /4- and 3-inch plates; pin loaded specimens were used for the other
materials. The variation in strengths measured in the longitudinal and transverse
directions was small for the vacuum-arc-remelted steels, but noticeable in sheet from.
the air-melted heat. No consistent effect of melting practice on the level of tensile
properties was observed in the 18Ni (250) maraging steels.
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The 0. 045-inch sheet exhibited a higher yield strength and lower ductility than
the 0, 160-inch sheet from the same heat. Since this effect was noticed at both
strength levels, it probably results from the differences in specimen thickness rather
than by rolling history. The strength of the air-melted steel (250) was constant over
the remaining range of thicknesses, 0.160 inch to 0. 750 inch, investigated. The
strength of the VAR (250) steel (Heat No, 3920864) was constant for the 0. 160-inch
and 0, 375-inch flat-rolled stock, but dropped for the two heavier gages (0. 75 inch and
3.0 inches). The strengths of the latter two products were comparable to those of the
air-melted steel, The ductility was poorer for transverse and short-transverse speci-
mens from the 3-inch plate, compared with longitudinal specimens or with thinner
plate.

Table 36 gives the tensile properties of two 18Ni (200) heats of maraging steel
Heat Nos. 604 and 3920556.% The 0, 2 percent offset yield strengths and ductility
values are similar to those in Table 35 for the 18Ni (250) material, Both heats had
slightly higher strengths in the transverse direction, but the differences may not be
significant from an engineering standpoint,

TABLE 36, TENSILE PROPERTIES OF HEAT TREATED 18Ni (200) 0, 65-INCH STEEL PLATE(?)

'ﬂ

0.20 Percent(b)
Specimen Ultimate Tensile Yield Strength, Percent Reduction in

Heat Number Orientation Swength, ksi ksl Elongation(“) ‘Area, percent
Lukens 604, VAR Longitudinal 235.2 229.0 14 57.6
Transverse 239.0 232.0 12 ‘ 53.2
3920656, VAR Longitudinal 228.0 218,0 11.3 £81.3
Transverse 2534, 0 221.0 _ 11,6 59,1

{a) These plates were 0, 6 to 0, 750-inch thick, .
(b) Supplied in the solution-treated condition, Aged at 900 F for 8 hours,
{c) l-inch gage length.

Charpy Properties

The results of tests on standard Charpy V-notch specimens at various tempera-
tures are given in Table 37. The samples were taken from plates representing two
heats of 18Ni (250) steel. As is customary, the values were higher for longitudinal
than for transverse specimens, Although the values decreased with testing tempera-
ture, the longitudinal specimens of the air-melted heat (Heat No. 53088) were the only
ones that exhibited a ductile-brittle transition, The data for longitudinal specimens
indicate a transition temperature between 80 and 200 F. These data indicate that
melting practice does not have a significant effect on Charpy properties. This agrees
with data on specimens taken from forgings and discussed earlier in the report.

*T'hese heats were produced on Contract AF 04{695)-350,
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TABLE 37, CHARPY IMPACT PROPERTIES OF HEAT -TREATED 18Ni PLATE

Thickness, Heat Meling  Specimen Charpy-Impact Strength at Indicated Temperature, fi-1b
inch Number Grade Practice Orientation ~BOF OF RT 200F 300F 375F 400F S500F
4, 750 3920864 250 VAR L 12.4 13,8 11, 0 17,6 22 -- 25.9 25,1
T 10,0 12,1 13,1 11,2 16,6 -- 17.6 18,2
0.750 53088 250 AM L 12,0 “e 11,9 17.8 19,8 = 22.9 20,3
T 10,6 - 10,0 12,3 12,5 - 13.7 16.8
3,0 3920864 250 VAR L 15,4 17.8 17.8 22,4 -- - -- --
T 12,6 12,0 13.7 14,1 -- 17.6 “e --
3.0 3321290 250 AM-D L 13.8 16.4 16.7 18.4 -- - .- -
T 12,3 12,8 15,0 13.8 -- -- -- -

Precracked-Charpy-Impact Properties

Precracked Charpy specimens of the type described previously were also used to
evaluate the maraging steels, The results are compared in Table 38 with data obtained
on Heat Nos. 604 and 3920556 produced for another contract (AF 04(695)-350). Al-
though the data for 18Ni (250) are scanty, the results are considered typical except
for the abnormally high values for the longitudinal specimens from Heat No. 53088
- tested at room temperature. Despite the fact that the 18Ni (200) steels had yield
strengths comparable to 18Ni (250), they gave better fracture-toughness values, The
W/A values of both 18Ni (200) steels increased with testing temperature,

TABLE 38, PRECRACKED CHARPY IMPACT PROPERTIES OF 18Ni STEELS

—
—— e

—— —
—_ —

Heat Melting  Specimen 0,2 Percent Yield W/A at Indicated Ternperature, in, -1b/in, 2
Number Grade = Practice Orientation Strength, ksi -100F -40F RT +200F +300F +400F
sgzoges 25003 VAR L 225 -- -- 685  e= e -

T 237 -- -- 584 -- - -
58088 250(38)  AM L 226 - - 1044 797 1058 --
T 227 .- - 484 702 693.  --
604 200(®)  var L 2929 -~ B13 988 10905  -- .
T 232 o 635 800 928 - .-
ageosse  200(P)  vaRr L 218 1028 -- 1509 1502 -- 2279
T 221 893 - 1340 1417 -- 2106

E-a-) From 0, 750~-inch plate aged 3 hours at 925 ¢5 F,
(b) Aged 8 hours at 300 F; Heat No, 604 made by Lukens; Heat No, 3920556 was made by Republic,

Environmental Effects

Fatigue-precracked tensile specimens of the type shown in Figure 36 were im-
mersed in a 3 percent solution of NaCl in water at 70 F and subjected to sustained
loads. The loads applied corresponded to 90, 80, and 70 percent of the notched tensile
strengths of the steels determined in air for the same type of specimens, The failure .
times of the specimens are shown in Table 39, It was not established whether the
delayed cracking resulted from stress corrosion or hydrogen embrittlement.
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TABLE 38, FAILURE TIMES FOR FATIGUE-PRECRACKED TENSILE SPFECIMEN OF 18Ni STEELS
IMMERSED IN 3 PERCENT NaCl AT 80 F

0,2 Percent Offset Percent of
Heat Number Melting Yield Strength,. Notch Tensile Notch Tensile Initial Applied Test Time,
(Sheet Thickness) Grade Practice ksi Strength, ksi Strength Stress, ksi hrimin
08749 300 VAR 278,9 176, 5 100 ] - --
(0,045 in) 189,0 100 -- --
90 163.2 14:30
90 162,4 35:21
80 154, 6 28:50
80 144, 3 33:50
T0 129,0 42:05
70 124, 8 43:45
3920864 250 VAR 268.3 184, 2 100 -- .-
{(0.045 in.) 200, 4 100 - --
90 172,0 252, olP)
20 187.2 26:35
80 150.0 24:25
80 155, 8 42:08
70 131, 0 48:00(P)
. 70 138,0 36:00
53088 250 AM 234, 4 182,8 100 -- -
(0,045 in, ) 177.4 100 -- --
90 156.8 101
a0 150.3 0
80 142,9 138:15
80 136.7 23:40
70 123, 6 44:36
) 70 - 118,1 46425
08749 300 VAR 262,2 1817.5 100 - --
(0.160 in,) 90 164,2 9:45
90 168,9 23:20
80 152.9 5:55
80 151, 7 27:23
T0 130,2 24:00
T0 131, 0 31:57
3920864 250 VAR 248,65 178, 6 100 .- - -~
(0.160 in,) 185,43 100 - --
90 169.0 32:55
g0 167.5 30:10
80 149,2 32425
80 142.6 44:10
70 128,1 484b)
70 181,1 484D
83088 250 AM 225.6 189, 3 100 -- --
(0,160 in, ) g0 170, 9 . 09
90 171,9 07
80 157.0 18:15
80 158, 0 44457
70 143,9 33:29
T0 136,2 56:58

(a) Centerline of all specimens longiwdinal to the sheet rolling direction, Specimen configuration shown in Figure 36,
(b) No failure in testing time indicated,
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The data show that sheet specimens of the air-melted steel (Heat No. 53088)
failed almost immediately when stressed at 90 percent of its notch tensile strength.
Conversely, the specimens of vacuum-arc-remelted steel withstood equivalent stress-
ing for appreciable time intervals. Thus, the investigation indicates that exposure to
3 percent NaCl solutions has less effect on steels made by vacuum-arc- remelting
practices, The tests at 70 percent of the notch tensile strength diaclosed no significant
difference in failure times attributable to melting practice. Failure times increased
as stress decreased.

The data suggest that maraging steels with lower strengths are more resistant

to delayed brittle fracture, in dilute NaCl solutions, than those with higher strengths.
This behavior pattern is typical for delayed hydrogen-stress cracking,

Fracture Toughnes 8

Three types of notched tensile specimens were used to evaluate the fracture
‘toughness of the maraging steels, The test performance of the materials with different
histories was judged by the following parameters:

K. = critical-stress-intensity factor asgociated with initiation of unstable
plane-stress fracturing
K;. = critical-stress-intensity factor associated with initiation of unstable

plane-strain fracturing.

A center-notched specimen was used for determining the parameter K. for
0. 045-inch and 0, 160-inch-thick sheet, Cracks were produced at the ends of the center
notch by low-cycle flexure at a maximum bending stress of half the yield strength. Pin
loading was employed during tensile testing to minimize eccentric loading. An
extensometer-type clip gage inserted into the center notch was used to measure the
opening during loading. Calibration curves for the maraging steel (and for the 9Ni-4Co
steels discussed later) were used in conjunction with test measurements to establish
the load and crack extension at the time of instability, Those data were used with the
following equation to calculate the plane-stress fracture-toughness parameter, K_:

1/2
afl
KC =F [w tan-w

where

gross stress

F
W

specimen width

a = half-crack length,

The results of the center-notched tensile tests on the 18Ni steels are summarized
in Table 40, Over half of the tests on the 0, 160-inch-thick specimens and three of the
four tests on the 0, 045-inch sheet of air-melted steel (Heat No. 53088) were invalid by
- ASTM standards because the net stress developed during testing exceeded B0 percent of
the yield strength. At least, qualitatively, however, the K, values indicated that the
18Ni (250) air-melted and vacuum-arc-remelted steels had comparable fracture-tough-
ness properties, However, the yield strength of the latter steel was higher by about
25 ksi, The 18Ni (300) vacuum-arc-remelted steel had K_ values about the same as
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the other materials. In general, therefore, it appears that vacuum-arc remeiting
results in improved fracture toughness for maraging steels,

TABLE 40, FRACTURE-TOUGHNESS VALUES, K_, FOR LONGITUDINAL AND TRANSVERSE
SPECIMENS OF 18Ni STEEL2)

0.2 Percent Offset

Sheet Yield Strength, K¢ Value,
Thickness, Melting ksi ksi //in,
inch Heat Number Grade Practice L T L T
0, 045 08749 300 VAR 278,9 280, 0 159 141
0, 045 3920864 250 VAR 268,38 270, 1 151 147
0, 045 53088 250 AM 234, 4 245, 9 178 153
0, 160 08749 300 VAR - 285,2 270, 4 149 168
0, 160 3920864 250 VAR 248, 5 250, 6 186 178
0. 160 53088 950 AM 925, 6 230, 4 186 179

{a) Determined on specimens of the type shown in Figure 22,

The plane-strain fracture toughness of the steels was evaluated by determining
the parameter Ky, on precracked tensile specimens. Figures 37, 38, and 39 show the
types of specimens employed for studies on stock of different thicknesses up to 0,75
inch., These specimens were precracked by using an electrical-discharge machine to
start the notch and then flexing the samples repeatedly with a stress of less than half
the yield strength, The precracks produced by fatigue met the following ASTM
réquirements for fracture testing:

(1) Crack depth less than 50 percent of the specimen thickness
(2) Crack area less than 10 percent of the specimen area.

During tensile testing, a load of 500 lb/sec was maintained. The load at failure and
the original crack dimensions were used to calculate Kj, from the following equation,
which was developed by Irwin:

K =1.2171ng ,

Ic
where

a = depth of the fatigue crack
Q = flaw shape parameter
F = gross fracture stress.
In order to obtain quantitative values of the parameter for plane-strain fracture tough-

ness, the gross fracture strength must be less than the 0.2 percent offset yleld
strength of the material,

Table 41 summarizes the results of the plane-strain fracture-toughness tests on
the flat, precracked tensile specimens. The data on 0, 160-inch sheet showed that the
fracture toughness of the 18Ni (300) was poorer than that of the lower-strength 18Ni
(250). Despite its higher yield strength (higher by 20 ksi), the K;. values for the VAR
sheet were better than those for the air-melted steel,
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TABLE 41, FRACTURE-TOUGHNESS VALUES, K;_, FOR LOGITUDINAL AND TRANSVERSE
SPECIMENS OF 18Ni STEEL(®)

a3

0.2 Percent Offset

Specimen Yield Strength, KIc Value,
Thickness, Melting ksi ksi fin,
inch Heat Number Grade Practice L T L T
0,160 08749 300 VAR - 270.4 - 103, 87
0.160 3920864 250 VAR -- 250,5 - 114,111
0,160 53088 250 AM -- 230,4 -- 107,103
0,375 3920864 250 VAR 254.0 254, 3 104 99
0.375 53088 250 AM 232.6 231,0 94 97
0,750 3920884 250. VAR 225, 4 237,4 104 100
0,750 53088 250 AM 926,4 227.0 102 113
0,6-0,75 604 200(b) VAR - 9232, 0 - 123,114
0. 6-0,75 3920556 200(P) AM -- 221, 0 - 155

(a) Specimen configurations are shown in Figures 37, 38, and 39, The Grade 250 and 300 steels were
aged 3 hours at 925 5 F,
(b) Aged 2 hours at 400 F,

In the thicker flat-rolled products, no consistent variation in fracture toughness
was associated with specimen orientation. Their K. values were similar to those
determined on sheet specimens. The VAR (250) specimens generally had better Kic
values than the samples of air-melted steel (Heat.No, 53088). They also had higher
yield strengths, Thus, the data confirm the general opinion that vacuum-arc remelting
improves fracture toughness.

Table 41 also shows that two heats of 18Ni (200) steel had better K. values than
the higher-strength grades, even though the actual yield strengths are not widely
different, The lower-strength air-melted steel (Heat No. 3920556) had the best K;
value of all specimens tested, These results suggest that superior fracture toughness
is obtained, at an equivalent strength level, by aging a steel with lower titanium,
molybdenum, and cobalt contents to its maximum strength than by underaging or over-
aging a higher-alloy material,

To obtain the plane-strain fracture-toughness value, K., for the 3-inch-thick
maraging steels, specimens with the configuration indicated in Figure 40 were used,
These round, notched specimens were fatigue precracked with a minimum-to-maximum
tensile-stress ratio of 0, 06 and a maximum stress of approximately 40 ksi, The ratio
of the root diameter of the crack to the shank diameter of the specimen was controlled
between 0,6 and 0.8. The loading rate for the notched tensile specimens was 100, 000
lb/min, After failure, the diameter at the bottom of the notch was determined with an
optical comparator, The failure load and the specimen and flaw dimensions were then
used to calculate the Ky, values from the following equation: '

_ 0,233 ogn 471 Dy

Kic = 2 z
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Op = the net section stress

o
0

o = the major diameter of the specimen

= the 0. 2 percent offset yield strength of the material.

e
w
i

In order to conform to ASTM requirements, the ratio of Op to Oyg should not exceed
11, |

Ident. No.
2-Acme 2.30 dia.
Thread \ - 23 ,

I— .001" R 400

3.00 :uT . &0 ' Steel Stamp

16 -0 =i

FIGURE 40, NOTCH TENSILE SPECIMEN FOR EVALUATING 3, 0-INCH-THICK
PLATE MATERIALS

Tests on round, notched tensile specimens from 3-inch plates of two 18Ni (250)
maraging steel gave K;. values considered valid according to ASTM requirements.
The values, expressed in units of ksi 4fin. , were:

Longitudinal Transverse
Heat No. 3920864 (VAR) 69 61
Heat No. 3321290 (AM-D) 50 47

Although the longitudinal specimens gave higher values, the difference is not considered
significant for the air-melted, degassed steel, The vacuum-arc-remelted steel, which
had a yield strength higher by 10 ksi, exhibited better plane-strain fracture toughness,

It should be noted that the K;. values for the 3-inch plate from Heat No, 3920864
are much lower than those given in Table 42 for thinner plate, The differences, which
are considered significant, are believed to indicate that differences in hot-rolling
reductions can affect the toughness of 18Ni maraging steel. If this be true, the 3-inch
plate received less than the critical reduction needed to develop the maximum plane-
strain fracture toughness in this type of steel. On the other hand, the Charpy test did
not detect any differences between the 3/4- and the 3-inch plate.
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TABLE 42. PRIOR HISTORY OF PLATE AND SHEET
PRODUCTS USED FOR EVALUATION
OF 9Ni-4Co STEELS

Heat Melting Product
Number Grade _ Practice Thickness, inch
3321246 250 AM-Si/Al-DOX 0. 045, 0. 160
3920851 250 Si/Al-DOX-VAR 0.045,0. 160
3920852 250 VAR-C-DOX 0.045,0. 160
3920795 200 VAR-C-DOX 0.375,0,750,3.0
3920835 200 Si/Al-DOX-VAR 0.375,0.750,3.0
E5565 200 AM-S8i/Al-DOX 0.375,0,750,3,0

The tests on specimens from the 3-inch plate were conducted by the Aerospace
Division of Boeing Company, Seattle,

Metallographic Examinations

Metallographic examinations were conducted on samples taken from 3/8-, 3/4-,
and 3-inch plates from Heat Nos, 3920864 (VAR) and 53088 (AM). The inclusion rat-
ings of all products met the requirements of Specification RSC-AF-1 established for
this program. No differences in inclusion ratings attributable to melting practice were
detected except for samples from the 3-inch plates. For that product, the vacuum-arc
remelted steel generally had lower inclusion ratings than the air-melted steel except
for titanium nitrides. The inclusion ratings did not vary significantly with plate
thickness, ' '

The grain sizes of the 3/8-inch plate were uniformly ASTM 8 or finer for Heat
No. 3920864 and predominantly 6 to 8 with some 4 for Heat No. 53088, The grain
sizes of the 3 /4-inch plate were comparable to the thinner plate but a little finer in
the case of Heat No, 53088, For both heats, the grain size of the 3-inch plate was
predominantly ASTM 5 or finer.

The inclusion ratings and microstructures were independent of specimen
orientation, Nor did they vary among samples from surface, mid-radius and center
locations from the 3-inch plate.

To evaluate bonding, aged samples were etched with Marbles reagent. The
metallographic examinations indicated the microstructures were typical of 18Ni marag-
ing steel, For all plate thicknesses, banding existed to only a slight degree. Banding
was a little more pronounced in the air-melted 3/8-inch plate. Some evidence of
incomplete recrystallization was apparent in the 3 /4-inch plate from the air-melted
Heat No, 53088. In summary, the metallographic examinations detected no effects of
differences in melting practice or plate thickness on microstructure.
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Evaluation of 9Ni~4Co Steel Plate and Sheet

Prior History

The stock for evaluation by Aerojet-General Corporation was received in three
sheet gages of 9Ni-4Co (250) and three plate thicknesses of 9Ni-4Co (200) steel. The
material came from six heats made by three different melting practices as indicated
in Table 42, The 9Ni-4Co (250) steel contained 0, 45 percent carbon; the 9Ni-4Co (200)
steel contained 0. 25 percent carbon. The steels were heat treated by the California-
Doran Heat Treating Company, Los Angeles, California. Copper plating was employed
to prevent carburizing, decarburizing, or oxidation of the specimens during the
normalizing and austenitizing cycles.

The sheet specimens of 9Ni-4Co (250) steel were processed as a single group and
then tempered as individual groups, depending on the heat number, as indicated below.

(1) Electrolytically copper plate all parts a minimum plate thickness of
0. 0005 inch prior to heat treatment.

{2) Normalize at 1650 F for 1 hour at heat. Air cool to room
temperature.

(3} Austenitize at 1450 F for 1 hour at heat. Oil quench to.room
temperature (oil temperature: 70 to 100 F).

(4) Refrigerate at minus 100 F for 2 hours and return to room temperature.

(5) Temper for 2 hours at the following temperature for the indicated heat

numbers:
Heat Number - Temper Temperature, F.
3321246 425
3920851 425
3920852 400

(6) Strip copper plate by alkaline cyanide method.
(7) Perform the second temper for 2 hours at the temperatures indicated

for the heats listed in Step 5 shown above,

The plate specimens 9Ni-4Co (200) steel were hardened and tempered as a single
group according to the following procedure:

(1} Electrolytically copper plate all parts a minimum of 0. 0005 inch
prior to heat treatment,
(2) Normalize at 1650 F for 1 hour at heat.

(3) Austenitize at 1500 F for 1 hour at heat. Oil quench to room tempera-
ture (oil temperature: 70 to 100 F).

(4) Temper at 1000 F for 2 hours and air cool to room temperature.
(5) Strip copper plate by alkaline cyanide method.
(6) Perform second temper at 1000 F for 2 hours and air cool to room

temperature,
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Tensile Properties

Table 43 lists the tensile properties of the 9Ni-4Co (250) sheet steel, The small
differences in strength and ductility between products from different heats are not
considered significant. Transverse specimens of 0. 045-inch sheet of the VAR-C-DOX
heat (Heat No, 3920852) had yield strengths about 9 ksi higher than those of longitudinal
specimens., This anisotropy is attributed primarily to rolling history rather than to
melting practice, The properties of all other materials were independent of specimen
orientation, The strengths and elongation values of the 0, 160-inch sheet were higher
than those for thinner stock. These disparities are attributed partly to specimen
geometry and partly to variations in hot-rolling practice,

TABLE 43, TENSILE PROPERTIES OF HEAT TREATED 9Ni-4Co (250) SHEET

Elongation, percent

Ultimate 0.2 Percent 1-Inch 2-Inch

) Tensile Offset Gage Gage

Thickness, Heat Strength, ksi Strength, ksi Length Length
inch Number Grade  Melting Practice L T L T L T L T

0,045 3321246 250 AM-8i/Al-DOX 282,2 276.2 236,9 232.0 7.1 6.8 5.1 4.7
3920851 250 8i/Al-DOX-VAR 278.8 282,0 233.6 2351 1.4 6.9 4,9 4,8

3920852 250 VAR-C-DOX 282,1 286,1 227.6 236.9 1.1 7.3 4.6 5.2
0.180 3321246 250 AM-Si/Al-DOX 288.9 288,1 238.4 238,4 -- -- 7.3 7.1
3920851 250 5i/Al-DOX-VAR 289,9 289.6 240.6 240.8 .- -- 7.3 7.8
3920852 250 VAR-C-DOX 285.4 286,68 234,83 237.8 -- -- .4 81

Table 44 summarizes the tensile properties of the 9Ni-4Co (200) plate steels,
The data show that the properties were independent of plate thickness, Although
strength values were almost identical for specimens with different orientations,
ductility values were better for longitudinal than for transverse specimens, The
ductility of the 3-inch plate was poorer in the short-transverse than in the transverse
direction. Heat 390795 had lower strengths, and better ductility, than the other two
heats but the differences were probably not caused by melting practice. Comparison
of data for Heat Nos, E5565 and 3920835, which had comparable strengths, indicates
that vacuum-arc remelting conferred a slight improvement in ductility on the 9Ni-4Co
(200) steel,

Charpy Properties

Table 45 lists the standard Charpy V-notch values of samples from the 3Ni-4Co
(200) steel plates. The VAR-C-DOX heat gave the best values in the Charpy test; they
decreased gradually with testing temperature over the range investigated. With few
exceptions, the Charpy values were low for samples of Heat No. 5565 (AM-Si/Al-DOX)
tested at or below room temperature, Steel 3920835 (Si/Al-DOX-VAR) appeared to
have a brittle-ductile transition temperature between 0 and 80 F. With the exception
of Heat No. 5565, the Charpy values of the 9Ni-4Co (200) steels, with yield strengths
approximating 183 ksi, were better than those for the 18Ni maraging steels, with yield
strengths around 240 ksi, shown in Table 37.

Specimen orientation had a small but consistent effect; the Charpy values of
transverse specimens were poorer, Vacuum-arc remelting improved notched-bar
toughness.
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TABLE 45, CHARPY IMPACT PROPERTIES OF HEAT -TREATED 9Ni-4Co (200) PLATE

0.20 Percemt  Charpy Impact Strength at Indicated Tempesature,

Thickness Heat Specimen  Offser Yield ft=1b

inch Number Melting Practice  Orlentation Strength, ksi -110F -80F -40F OF RT  +200F
0,750 E5565 AM-8i/Al~DOX L -- 9.5 B.7 10.5 1.8 13,3 20.3
T ~- 7.8 2.1 8.5 2.6 13.2 16,2

3920835 8i/A1-DOX-VAR L -~ 9.0 13,9 12.6 17 24,0 23.8

T .- 13,8 12,9 18,2 14,1 22.9 26.7

3920795 VAR-C-DOX L -- 25.4 32,4 38.9 35.1 - 42,0 43,5

T -- 21,1 22,7 26.9 30,0 33.7 34,1

3,0 E5565 AM-8{/A1-DOX L -- -- 9,5 9.4 11.2 13.2 18.6
T .- == B.5 8,3 9,3 15,0 17,8

3920835 8i/A1-DOX-VAR L -- 14,1 12,0 10.0 13,0 19,5 29.1

T -- 10.6 7.9 18,0 12.5 21,0  20.6

3920796 VAR-C-DOX L -- 33.8 40,9 38.3 48,4 45, 8 46.7

T - 32.4 28,6 33.0 30.1 36.5 46.8

Precracked Gharpy (PCC) Impact Properties (W/A), in, -1b/in. >

0.150 E5565 AM-8i/A1-DOX L 183.3 -- == == 560 880 1359
T 182,9 -- - -- 512 701 1178

3920835 Si/A1-DOX-VAR L 184.2 -- -- 779 1016 1405 --

T 185,5 -- -- 47 860 1483 .-

3920795 VAR-C-DOX L 182,1 “e - -- 28560 2811 -

T 181.8 -= -- 1780 1912 2157 2273

%

Precracked Charpy Impact Properties

Precracked Charpy impact specimens of the type described earlier were used to
evaluate specimens from the 0, 75-inch plate of 9INi-4Co (200) steels. The results
given at the bottom of Table 45 can be compared with those for the maraging steels
listed in Table 38,

The performance of the precracked Charpy specimens confirmed the opinions
about the effects of melting practice and anisotropy based on standard specimens, The
ductile-brittle transition temperatures of the best heat, Heat No. 3920795, seemed to
be below 0 F, and at or above room temperature for the other steels.

Environmental Effects

Fatigue-cracked tensile specimens of the type shown in Figure 36 were immersed
in a 3 percent solution of NaCl in water at 70 F and subjected to a sustained load.
Failure time for tensile loading, of various levels, for the sheet specimens are given
in Table 46, The data can be compared with those in Table 39 for the 18Ni maraging
steels,
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TABLE 46, FAILURE TIMES FOR FATIGUE-PRECRACKED TENSILE SPEGIMENS OF 9Ni-4Co STEELS IMMERSED IN 3 PERCENT
NaCl SOLUTION AT 80 F(a)

B .

0.2 Percent Offset Percent of
Heat Number Yield Swength, Notch Tensile Notch Tensile Initial Applied Test Time,
{Sheet Thickness) Grade Meliing Practice ksi Strength, ksi Strength Stress, ksi tr:min
33212406 250 AM-ISLVD 236.9 172, 0 100 --
(0.045 in.) o 164,0 100 - --
90 153,2 0:32
90 150.4 0:37
80 132.1 0:42
80 135.7 0:38
10 117, 8 1315
70 118,86 1:19
3920851 260 8i/A1-DOX-VAR 233,86 163,9 100 -~
(0. 045 in,) 178.5 100 .-
90 153.3 0
90 154,0 0
80 137.0 0
80 133,8 0:19
70 119, 0 0:39
70 121.0 0:17
3920852 250 VAR-C-DOX © 236,9 178.2 100 -
(0. 045 in.}) 183,2 100 --
' 90 164,4 1:08
90 160.4 1:08
80 143.4 1:04
80 143.7 1:33
70 127.8 1:32
7Q 127,2 1:54
3321246 250 AM-D 238.4 66.4 100 -~
(0.160 in.) 64.2
75.7 100 --
61.8
80 59.5 1:30
80 88,9 0:38
70 50,17 2:57
70 55.2 1117
3920851 250 S8i/Al-DOX-VAR 240.6 7.8 ' 100 --
(0.160 in.) ‘ 76.3 100 -
80 70,9 0:29
80 69.3 1112
80 58,17 2:14
80 63.17 0:50
70 55.8 1:56
70 51,5 1219
3920852 250 VAR-C-DOX 234.3 _ 73.6 100 --
(0.160 in,) T4.8 100 --
90 88.9
90 68.5 0:14
80 80.5 007
80 62,5 0:22
70 53.8 1:40
70 54,2 1:23

li

e ——— —
(2) Longitudinal specimens of the shape shown in Figure 36,
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The time for brittle fracture under sustained loading was essentially independent
of the melting practice and sheet thickness of the 9Ni-4Co steels. As is usually the
case, failure time increased as the loading stress decreased. However, all of the
specimens broke in less than 3 hours. The lives were very short compared to those
for the maraging specimens which withstood loads of 70 percent of the yield strength
for 24 to 57 hours, Measurements on fractured surfaces indicate that the rate of crack
growth were 4000 pin, /min for the 9Ni-4Co sheet and 200 uin. /min for the maraging
steel with equivalent yield and notch-tensile strengths, )

Fracture Toughness

The types of specimens used to evaluate the fracture toughness of the {250} sheet
and (200) plate of 9Ni-4Co steel are shown in Figures 37, 38, 39, and 40, The proce-
dures and calculations were described in connection with the discussion on flat-rolled
maraging steel products.

The results of the center-notched tensile tests on the 9Ni-4Co (250) sheet speci-
mens are given in Table 47. Some of the tests were invalid by ASTM definitions be-
cause the net stress exceeded 80 percent of the yield strength, They show, however,
that the air-melted steel had poorer plane-stress fracture toughness than the other two
materials when tested as 0, 045-inch sheet. Although thicker sheet did not show a
similar trend, vacuum-arc remelting is considered beneficial, Specimen orientation
did not appear to affect the K, values significantly.

TABLE 47, FRACTURE TOUGHNESS PROPERTIES OF HEAT TREATED 9Ni-4Co (250) SHEET(?)

0,20 Percent

Offser Yield K. Value,
Thickness, . Strength, ksi . ksi 4fin,

inch Heat Number Melting Practice L T L T
0,045 3321246 AM-D 236.9 232.0 157 142
: 3920851 Si/A1-DOX, VAR 233.6 233.1 173 157
3920852 VAR-C-DOX 227.6 236.9 161 171
0,160 3321246 AM-D 238.4 238.5 617 68
3920851 5i/A1-DOX, VAR 240,46 240.8 65 68
3920852 VAR-C-DOX 234.3 287.8 71 68

{a) Determined in specimens of the type shown in Figure 22.

Table 48 summarizes the results of plane-strain fracture-toughness tests on flat
tensile specimens from 0, 160- and 0. 375-inch stock. The K;. values of the longitudinal
specimens of 9Ni-4Co (250) sheet steel were low, ranging from 40 to 49 ksi 4in. , less
than half of those for the maraging steels of the same gage and approximately equal
strength, The differences in melting practices had no significant effect on the value.
The plane-strain fracture toughness of the 3/8 and 3. 0-inch plates did not vary signi-
ficantly with direction of testing. The Kj. values of the VAR~-C-DOX type of steel were
higher than those for materials made by the two other melting practices, The dif-
ference was more pronounced for the thicker plate. The data also indicate that tough-
ness decreased as plate thickness increased.
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TABLE 48, FRACTURE-TOUGHNESS VALUES, Kp,, FOR LONGITUDINAL AND TRANSVERSE SPEGIMENS
OF 9Ni-4Co STEEL(Y

T o————— =
e — o

0,2 Percent Offset

Sheet Yield Strength, Ki. Value,
Thickness, ksi ksi ¥Tm,
inch Heat Number Grade Melting Practice L T L T
0. 160 3321246 250 AM-D - 238.5 -- 43
0. 160 3920851 250 $i/Al-DOX, VAR - 240, 8 -- 43-1/2
0,160 3920852 250 VAR-C-DOX -- 237, 8 -- 41
0,375 E5565 200 AM-8§i/A1-DOX 184,0 183.0 113 105
120(b) 115(»
0.375 . 3920835 200 Si/A1-DOX-VAR 185,0 183,0 121 116
' 130(b) 120(B)
0.375 3920795 200 VAR-C-DOX 184.0 182.0 135 133
141(D) 149(®
3,0 E5565 200 AM-Si/Al-DOX 184,0 183,0 66 66
3.0 3920835 200 $i/A1-DOX -VAR 184.0 184.0 97 91
3.0 3920795 200 VAR-C-DOX 180,0 180.0 145 137
-

(2) The values were determined on specimens of the type shown in Figures 37, 38, and 40. The samples from the
3-inch plate were tested by Boeing Company, Searttle,

{b) These Ky values were calculated by the Paris equation instead of the Irwin equation given in the text and used
for all other values in this report, '

_ Difficulties were encountered in fatigue cracking specimens, of the type shown
in Figure 39, from the 3/4-inch plate of 9Ni-4Co (200). It appeared that this {200)
steel had an unusually high resistance to crack growth in bending fatigue, Because of
the trouble in preparing specimens, no valid Kj. value were obtained on this plate

product,

Metallographic Examinations

Metallographic studies were made on samples from the 3/8, 3/4, and 3, 0-inch
plates of 9Ni-4Co (200) steel, Heat Nos, E5565, 3920795, and 3920835 (which represent
different melting practices). All of the 9Ni-4Co steel products, except the 3-inch plate
from the air-melted heat (Heat No, E5565), met the requirements of cleanliness speci-
fication RSC-AF-2A established for this program. That particular plate product con-
tained higher-than-acceptable amounts of oxide inclusions. The grain size of all
materials appeared to be ASTM 8 or finer although difficulty was experienced in
delineating the prior austenite grain boundaries. All samples had microstructures,
typical for the material and heat treatment, which did not vary with specimen orienta-
tion. Although the microstructures of all products were quite similar, banding was
slightly more severe in the 3 /4-inch plate of the air-melted heat. For the 3-inch
plate, banding was least pronounced in samples from Heat No. 3920835 (Si/Al-DOX-

VAR).
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WELDING EVALUATION
Objectives

An evaluation of the weldability of 18Ni maraging and 9Ni-4Co quenched and
tempered steels was conducted by North American Aviation, Incorporation, Los Angeles
Division, under subcontract to Republic Steel Corporation, The investigation included:

{1} Determining the thermal cycles produced in the heat-affected zone
(HAZ) by tungsten inert gas (TIG) welding procedures.

(2) Determining the susceptibility of the steels to HAZ cracking as evi-
denced by loss of ductility on heating or during cooling,

(3) Evaluating the mechanical properties of steel specimens that had
been subjected to various thermal cycles which simulated the
thermal cycles of welds,

(4) Determining the mechanical properties of specimens welded by
standard TIG procedures.

Materials

In each phase of the p'rogra.m, both the 18Ni and the 9Ni-4Co alloy systems were
evaluated in several thicknesses and compositions. The identity of the specific
materials used in both phases was as follows: '

Thickness,
Alloy Heat No. inch
18Ni(250)VAR ' 3920864 0.160
3920864 0.375
3920864 0.750
18Ni{250)AM 53088 0.750
18Ni{300)VAR 08749 0.160
9Ni-4Co-0,45C VAR-C-DOX 3920852 0.160
9Ni-4Co-0, 45C Si/Al-DOX-VAR 3920851 0.160
9Ni-4Co-0.25C VAR-C-DOX 3920795 0.375
3920795 0.750
9Ni-4Co-0.25C Si/Al-DOX-VAR 3920835 0.375
3920835 0.750

The chemical compositions of these heats may be found in Table 2 of this report.
Weld wires used in the evaluations were of the following compositions:
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Weld Wire for
18N1 Steels

RSM 300 Weld Wire

2

Elements percent
C 0.025
Mn 0.08
Si 0.05
P 0.011
S 0. 007
Ni 19,01
Co 3. 04
Mo 5.23
Cr -~
v -

Al 0.10
Ti 0.72

Weld Wire for
4Ni-4Co Steel

9Ni-4Co-0. 25C,

9Ni-4Co-0. 35C,

percent percent
0.25 0. 365
0. 45 0.24
0.27 ©0.25
0. 005 0, 003
0.004 0,004
8,76 9. 46
4, 57 3.92
0. 59 0. 40
0. 48 0.32
0.08 0.11

The HAZ test blanks and weld-test plates were rough cut from the sheet and plate
stock so that the longitudinal axis of all test specimens would be perpendicular to the

principal rolling direction,

Each blank or test specimen was marked with an

appropriate code designating its location with respect to the original sheet or plate
and the material type,

The basic heat-treat cycle for all of the 18Ni material was as follows:

Solution anneal at 1 500 F for 1 hr, air cool

Re-solution anneal at 1500 F for 1 hr, air cool

- Age at 900 F for 3 hr, air cool.

The basic heat-treat cycle for the two grades of 9INi~-4Co material differed some-
what as follows:

9Ni-4Co(250) steel:

Austenitize at 1475 F for 1 hr, oil quench

Refrigerate at -100 F for 2 hr

Double temper at 450 F for 2 hr each, air cool.

9Ni-4Co(200) steel:

Normalize at 1650 F for 1 hr, oil quench

Austenitize at 1550 F for 1 hr, oil quench

Double temper at 1000 F for 2 hr each, air cool,
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Simulated Heat-Affected Zone Studies

As a first step, the thermal cycle experienced by test plates 0. 160 and 0. 750-
inch thick when welded by the TIG process was determined,

Chromel-alumel thermocouples 0. 013 inch in diameter were welded into small
holes drilled into the back side of the test plates. The test plate was then TIG welded
while the thermocouple output was recorded on a Honeywell Visicorder. These data
were then used in programming a Gleeble Model 510 thermal-cycle simulating machine.
The Gleeble specimens were 0, 50-inch wide if cut from 0. 160-inch sheet, and either
0. 375-inch in diameter or 0, 420-inch square if cut from 0. 750-inch plate,

Hot Ductility Tests

Specimens were heated to a maximum temperature of 2600 F and broken in ten-
sion while being heated and while being cooled. The nil-ductility temperature, defined
as the minimum temperature at which zero reduction of area was encountered on
heating, was:

Nil - Ductility

Heat No. Grade Temperature
08749 : I18Ni(300)VAR ‘ 2518
3920864 18Ni{250)VAR 2483
53088 18Ni{250)AM 2460
3920852 9Ni-4Co(250)VAR 2490
3920851 9Ni-4Co(250)5i/Al1-DOX-VAR 2567
3920795 9Ni-4Co(200)VAR 2590
3920835 9Ni-4Co(200)Si/A1-DOX-VAR 2580

The "on-heating' tensile tests were started at approximately 1200 F and made
at increments of 200 to 300 F until the nil-ductility temperature was approached, where
a number of duplicate tests were made. Both temperature and load were determined
for each specimen. All of the steels exhibited large reductions of area until just before
the nil -ductility temperature was reached and then dropped precipitously. All the heats
may be considered to be more or less '""normal'" in their "on-heating' behavior. On
cooling, however, a noteworthy difference was observed among the 18Ni steels., The
two 18Ni VAR heats recovered almost completely in ductility by the time the specimens
had coocled to 2300 F. The air-melted heat exhibited erratic ductility to as low as
2000 F, and even at lower temperatures its ductility was less than the vacuum arc-
remelted heats. All of the 9Ni-4Co heats recovered ductility very guickly after cooling
was started but lost ductility on cooling to 1800 F and lower, The loss in "on cooling"
ductility below 1800 F was thought to be associated with the grain coarsening which
these steels experienced when heated to 2500 to 2600 F.

Room-Temperature Tests on Simulated HAZ Specimens

The mechanical properties of the various regions in the HAZ were determined on
material that had been subjected to weld simulating thermal cycles in the Gleeble
equipment using various peak temperatures. No load was applied during the thermal
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cycle, The specimens were then machined into tensile and Charpy V-notch specimens.
Because the decomposition products formed in the HAZ of most high strength steels
are significantly harder than the base material, the tensile bars were mildly notched
in the test section prior to testing, The results of the tensile and impact tests were
used to evaluate the strength and toughness of the metallurgical structures produced

at each of the peak temperatures. Also evaluated were the effects of pre- or post-weld
heat treatment, '

18Ni Steels. Notched tensile-strength specimens were prepared from the
0.160-inch sheet of 300 VAR steel, Heat No. 08749, 0.750-inch plate of 250 VAR steel,
Heat No. 3920864, and 0.750-inch plate of 250 AM steel, Heat No. 53088, Each of
these steels was solution annealed at 1500 F for 1 hour and air cooled, then aged at
900 F for 3 hours and air cooled prior to being placed in the Gleeble equipment. Tested
without any post-weld sirmulating aging treatment, the notch tensile strength of 0. 160-
inch sheet, 18Ni(300) VAR steel, dropped 20 percent below that of the parent metal
value when cycled at a peak temperature of 1200 F. It dropped further to about 40 per-
cent when cycled at temperatures of 1800 and 2530 ¥, This drop in strength at 1200 F
was attributed to austenite reversion and overaging while that at 1800 and 2530 F was
attributed to complete re-solution, Similar specimens of these three steels were
tested after reaging for 3 hours at 850, 900, and 950 F'. Reaging (after the weld
simulating thermal cycle) restored the strength of the specimens to that of the parent
metal for all practical purposes,

The effect of peak temperature cycles on 0. 750-inch plate, 18Ni{250} VAR steel,
was similar to that described for the 18Ni{300) grade material. The notch tensile
strength decreased by about 20 percent from the value for the parent metal after
cycling to a peak temperature of 1200 F and by about 40 percent after cycling to 1800
and 2500 F in the absence of reaging. - Tests to determine the effect of reaging tem-
perature were conducted on specimens cycled through 1200, 1800, 2400, and 2500 F.
Again, it was found that reaging after the weld simulating thermal cycle restored the
strength of the material to that of the "'parent metal',

Additional specimens of the 18Ni{(250) VAR steel (Heat No. 3920864) were cycled
over the range from 1000 to 1500 F and aged for 3 hours at 900 F before testing. After
cycling at a peak temperature of 1300 F, the strength was 5 percent below that of the
parent steel, indicating that a loss in strength of about 5 percent can be anticipated in
the HAZ after single pass welding. Tests were also conducted on the steel by simu-
lating conditions which would exist during multipass welding. Specimens were sub-
jected to ten thermal cycles starting at 1400 F and decreasing in peak temperature by
50 F per cycle to 950 F. As cycled, the strength was reduced about 5 percent below
that previously obtained after a single cycle at 1200 F. Reaging the material subjected
to ten thermal cycles at 850, 900, and 950 F increased the strength only 5 to 10 per-
cent, This increase compared with 20 to 25 percent increase in strength obtained
upon reaging specimens subjected to a single cycle at a peak temperature of 1200 F.
Simulated multiple weld thermal cycles in the 950 to 1400 F temperature range,
therefore, resulted in sufficient overaging of the martensite as well as in austenite
reversion to prevent full strengthening at the reaging temperatures.

The 0.750-inch plate of 18Ni(250) AM steel was tested for notch tensile strength

after cycle heating and reaging at 900 F for 3 hours, As cycled, the strength decreased
with increasing peak temperature in much the same way as did the VAR grades of steel.
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Reaging at 900 F increased the notch tensile strength to 95 percent of that of the parent
steel after all peak cycle temperatures up to 2420 F. As the peak cycle temperature
was increased up to and within the nil ductility range of 2450 to 2500 F, the reaged
notch tensile strength decreased rapidly. This behavior was in contrast to that for the
two vacuum arc remelted steels where strength could be restored for all practical
purposes even after heating to 2500 F.

The effect of simulated weld thermal cycles on fracture toughness of the HAZ
was determined for 0, 750-inch plate of the 18Ni(250) AM and VAR steels, Heat
No. 53088 and Heat No. 3920864, by employing impact blanks from which precracked
Charpy (PCC) specimens were machined after cycling, These were standard-size
Charpy V-notch specimens that contained, at the base of the V-notches, fatigue cracks
from 0.015 to 0.037-inch deep formed by cyclic reverse bending, All specimens of
the 18Ni(250) VAR steel, which were cycled through peak temperatures of 1200 F and
1800 F and subsequently reaged at 850, 900, and 950 F, exhibited fracture-toughness
values equivalent to or greater than the parent material that had been aged at 900 F
for 3 hours. Fracture-toughness values were expressed in terms of W/A, where W
is the impact energy in inch-pounds {in, -1b) and A is the fracture area in square .
inches (in.2). Cyecling through 2500 F and reaging reduced the W/A values below the
parent material range, i.e., to values between 460 and 830 in.1lb/in, 2, The values for
the parent material were about 1000 in. -1b/in, 2,

The 18Ni(250) AM steel had a high incidence of delamination in the fractured
surfaces, which resulted in considerable scatter and generally higher PCC fracture-
toughness values than were obtained for the VAR steel. Because the spread in fracture-
toughness values for the air-melted steel cycled to any peak temperature was so
large, no meaningful conclusions could be drawn as to the effect of peak temperature,

9Ni-4Co Steels

The effect of weld thermal cycles on notch tensile strength was determined on
two 9Ni-4Co{250) VAR steels (VAR-C-DOX steel, Heat No, 3920852, and 5i/Al-DOX-
VAR steel, Heat No. 3920851) and two 9Ni-4Co(200) VAR steels (VAR-C-DOX steel,
Heat No. 392079, and Si/Al-DOX-VAR steel, Heat No. 3920835), The 9Ni-4Co(250}
steels were tested as 0, 160-inch sheet, while the 9Ni-4Co{200) steels were tested as
0.750-inch plate.

The two INi-4Co(250) steels in the form of 0, 160-inch sheet were subjected to
thermal cycling to various peak temperatures in the annealed condition. Subsequently,
they were austenitized at 1475 F for 1 hour, oil quenched, refrigerated to -100 F for
2 hours, warmed in air, then double tempered at 450 F for 2 hours each and air
cooled, To investigate the effect of tempering temperature, some of these specimens
were then double tempered again at 450, 500, and 550 F prior to testing. No significant
effect of peak temperature on notch tensile strength was observed for either the carbon
or silicon deoxidized grade for cycles in the range of 1400 to 1800 F. At both of these
peak temperatures, the effect of final tempering temperature was similar, Highest
notch tensile values were obtained upon tempering at 450 F, the values approximating
those for the parent steel, Notch tensile values after tempering at 500 and 550 F were
almost equivalent but slightly lower than for steel tempered at 450 F. Specimens
cycled through 2580 F exhibited considerable scatter and a number of low values. This
scatter was evident in steels deoxidized by either technique and after tempering at all
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three tempering temperatures. It was attributed to a transition from transgranular to
grain-boundary failure coupled with delamination, which predominated in this speci-
men group.

The 9Ni-4Co(200) steels were tested at 0, 750-inch plate and were thermal cycled
in the fully heat-treated condition. The plate had been normalized at 1650 F for 1 hour
and air cooled, austenitized at 1550 F for 1 hour, oil quenched, and double tempered
for 2 hours each at 950, 1000, or 1050 F prior to thermal cycling at'various peak
temperatures, Duplicate specimens were tested either as cycled or as stress relieved
at 50 F below the initial tempering temperature. The notch tensile strength for the
9INi-4Co(200) steel deoxidized by either of the two techniques, increased rapidly with
increased peak temperature in the range of 1300 to 1500 F when the specimens were
tested in the as-cycled condition, This rapid increase in strength could be accounted
for by the greater percentage of material transforming to austenite during heating and
to fresh martensite on cooling. As the peak temperature was increased beyond the
range of 1500 to 1600 F, the notch tensile strength of the steel in the as-cycled con-
dition decreased slightly, With a peak temperature of 2600 ¥, it dropped rapidly and
became erratic, Fractures of specimens cycled through peak temperatures up to
1800 F without stress relieving tended to be of the cleavage type. As the peak cycle
temperature was increased to 2500 F, fractures became partially intergranular. Gross
intergranular fractures and large splits occurred upon increasing the peak cycle tem-
perature to 2600 F, :

Stress relieving after thermal cycling at 50 F below the initial tempering tem-
perature had a pronounced effect on the notch tensile strength of the steel. Such stress
relieving completely eliminated the increased strength obtained by transformation from
austenite to martensite on cooling that had been observed after peak cycling above
1300 F. For both deoxidation techniques, the steels in the stress-relieved condition,
after thermal cycling at temperatures up to 2500 F, had notch tensile strengths that
were equivalent to those of the base steels, It was obvious that the stress-relief
treatment tempered the fresh martensite formed during the thermal cycling.

Studies were undertaken to determine the effect of simulated weld thermal cycles
on HAZ fracture toughness of the 9Ni-4Co({200) steel produced by both the carbon and
silicon-aluminum deoxidation techniques, The materials used in these studies com-
prised PCC blanks from 0,750-inch-thick plate of grades VAR-C-DOX, Heat
No. 3920795, and Si/Al-DOX-VAR, Heat No. 3920835. The steels were tempered at
950, 1000 or 1050 F, then cycled, and, where applicable, stress relieved at 50 F
below the original tempering temperature, The fracture toughness of the VAR-C-DOX
grade parent-metal material was quite high in all its original tempers, the toughness
values being on the order of 2500 to 3200 in. -1b/in. 2, The values were somewhat
higher when tempered at the higher temperatures,

Thermal cycling at peak temperatures of 1400 and 1800 F decreased the fracture
toughness (W/A value) of the simulated HAZ to about 40 percent of that of the base
steel. The effect of prior tempering temperature was still apparent after cycling to
1400 F. It was eliminated, however, after cycling through 1800 F'. The fracture
toughness after cycling to 1400 and 1800 F was raised by subsequent stress relieving,
reaching values equivalent to about 70 percent of those of the base steel. The bene-
ficial influence of originally tempering at 1050 F prior to cycling was apparent from
the fact that after thermal cycling to 1400 and 1800 F and stress relieving at 1000 F,
toughness values were the same, Test results showed considerable scatter and
decreased toughness after cycling through 2600 F. The mode of failure after cycling

through this temperature was intergranular,
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The S5i/Al1-DOX-VAR steel was much lower in fracture toughness than the carbon
deoxidized steel. The difference was as much as 40 to 60 percent. Fracture toughness
without stress relief after cycling either to 1400 or 1800 F decreased as much as
70 to 80 percent from that of the base steel, irrespective of the prior tempering
temperature. Toughness after cycling to 1400 F was less than after cycling to 1800 F.
The effect of prior tempering temperature was still evident in steel cycled to 1400 F.
Stress relieving of the steel after cycling had a marked effect on its fracture toughness,
Specimens cycled through 1400 and 1800 F and stress relieved at 300 F showed
fracture-toughness values that were about equivalent to those of the parent steel.
Stress-relief treatments at 350 and 1000 F were less effective, These treatments
raised the fracture-toughness values only to about 70 percent of values for the parent
steel. Fractured surfaces of specimens cycled at 2600 F showed grain-boundary
failure, splitting, and some oxidation along the split surfaces.

The results of the PCC fracture-toughness experiments showed the toughness of

the 0.25 percent carbon 9Ni-4Co steel made by the VAR-C-DOX melting technique to
be much superior to that of steel made by the Si/Al-DOX-VAR melting technique.

- Transweld Properties of TIG Weldments

Transweld properties of weldments made by the TIG (tungsten-arc, inert-gas)
process were determined for both the 18Ni and the 9Ni-4Co steels using specimen
thicknesses of 0.160, 0.325, and 0.750 inch, Weld test specimens were prepared by
joining plate or sheet 14 to 18 inches long. A summary of the materials, thicknesses,
and heat-treat sequences used was as follows:

Thickness,
Material Heat No. inch Heat Treat- Weld Sequence
18Ni(250) VAR 3920864 0.160 Anneal, Solution treat
18Ni(300) VAR 08749 0.160 1500 F/1 hr and air cool,
18Ni{250) VAR 3920864 0.375 Weld using RSM-300 welding
18Ni{250) VAR 3920864 0,750 wire. Age 900 F/3 hr.
Test,

9Ni-4Co(250) VAR-C-DOX 3920852 0.160 Anneal, Weld using 9Ni-4Co-

9Ni-4Co(250) Si/Al-DOX-VAR 3920851 0.160 0.35C wire. Austenitize
1475 F/1 hr and oil quench,
Refrigerate -100 F/2 hr.
Double temper 450 F/2 hr
each, Test.

9Ni-4Co(200) VAR-C-DOX 3920795 0.375 Anneal. Normalize 1650 F/

_ 3920795 0. 750 1 hr and air cool.
9Ni-4Co{200) Si/Al-DOX-VAR 3920835 0. 375 Austenitize 1550 F/]1 hr and
- 3920835 0.750 0il quench. Double temper

1000 F/2 hr each. Weld
using 9Ni-4Co-0,25C wire,
Test,
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All test speciméns were made with the welding direction parallel to the principal
rolling direction of the sheet or plate. None of the specimens was stress relieved and
no preheat or postheat was employed. All steels used were made by the vacuum-arc-
remelt technique., After welding, the test materials were inspected using standard
radiographic and dye-penetrant techniques. Transweld-bend, tensile, partial-
thickness-crack (PTC) fracture-toughness, and metallographic specimens were pre-
pared. Specimens were evaluated using tests on bend, chemical analysis, tensile with
weld bead left on, and PTC fracture toughness with weld bead removed. Weld variables
and energy inputs were maintained consistent with those used in developing the thermal-
cycle data for the simulated HAZ tests, where the energy inputs were in the range of
15,000 to 20, 000 joules/in. for the 0. 160~inch-thick material and 22,500 to 38, 000
joules/in, for the 0.750-inch-thick material. The machine settings and welding
parameters for each group of test plates and the weld-joint designs were as shown in
Figure 41. The test-specimen configurations for the face and side bend, the transweld
tensile, and the partial-thickness-crack {(PTC) fracture-toughness tests were as shown
in Figures 42 and 43, All static transweld tensile tests were made with the weld bead
left on, Specimens were tested at strain rates of 0, 03 to 0. 05 in, /in. /min with either
a l-inch or 2-inch averaging extensometer. Elongation was measured on all speci-
mens, but reduction of area was measured on the round bar specimens only.

18Ni Steels

The 18Ni steels were welded in the resolution-treated condition using RSM 300
grade vacuum-melted wire and aged for 3 hours at 900 F after welding, The chemical
composition of the wire was recorded earlier in the welding-evaluation section under
"Materials''. Tests were conducted on 18Ni(250) VAR steel in 0.160-inch, 0.375-inch,
and 0,750-inch thicknesses, and on 18Ni(300) VAR steel in 0. 160-inch thickness. In
the 0, 160-inch material, weld tensile strength was equivalent to that of the parent
material, as failures occurred outside the weld zone. In the 0.375-inch and 0, 750-inch
thicknesses, failures occurred in the weld metal at yield and ultimate-tensile-strength
values equivalent to 90 to 100 percent of those of the parent steel., Ductility was only
one-third that of the parent steel, however., The significant decrease in ductility was
attributed to the coarse-grained dendritic structure constituting the cast fusion zone.
Tables 49 and 50 cite the tensile properties of the parent metal and the tensile proper-
ties after w'elding.

A number of bend tests were made using a guided bend test fixture and the pro-
cedure specified by MIL-5-418. Face bends were made on the 0.160- and 0, 375-inch
material, while side bends were made on the 0. 750-inch material, A 2-T bend radius
and a head travel rate of 1 in. /min were maintained for all tests, Failing load and
bend angles were recorded for each specimen. Results are summarized in Tables 51,
52, and 53. All failures occurred in the fusion zone. Face bend ductility for the
18Ni{250) and (300) steel in thickness of 0. 160 inch was almost equivalent. Side bend
testing of material 0. 750-inch thick showed generally good ductility, except where
there was some lack of side-wall fusion. In the latter case, the bend ductility was about
25 percent of that for specimens that were free of defects.

_Fracture-toughness testing of transweld tensile specimens was conducted using
the partial-thickness-crack (PTC) method., Crack starters were prepared by
electrical-discharge machining a groove in the HAZ parallel to the weld direction, The
tests were conducted with the weld bead ground flush and with the groove at the fusion
line. Semielliptical cracks were grown by bending fatigue at loads between 30 and
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TABLE 49, TENSILE TESTS ON PARENT-METAL SPECIMENS

Reduction of Area,

Heat Treat Specimen Thickness, Fius ty Fercent Elongation
Material2)  Condition Number inch ksi ksi 2-in, G.L.  1-im, G.L. percent
18Ni (250) (1) 864-1 0.16€8 256.9 247, 7 9 -- .-
(1) 864-2 0.168 257,2 244, 8 g .- -
18Ni (250) (1) §-15 3/4 265, 0 257.5 -- 11,0 56
(1) U-20 3/4 264, 0 256. 8 .- 12.5 56
(2) Properties of the 18Ni(300) grade steel were not lsted,
TABLE 50. TENSILE RESULTS OF WELDED SPECIMENS
Heat-Treat Spécirnen Thickness, Frue Fiy, Percént Elongation Failure

Material Condition Number inch ksi ksi in 2 Inches Location(2)
18Ni (1) 18Ni36 0. 169 258,17 249,9 7 PM
RSM 300 (1) 18Ni37 0.168 256, 4 249.9 8 PM

(1) 18Ni38 0,169 256.1 248,9 8 PM
18Ni (1) 18Ni22 0.164 274. 4 271, 9 8 M
RSM 300 (1) 18Ni23 0,163 274.0 267.9 8 M

(1) 18Ni24 0,163 275.0 269.1 10 PM
18Ni (1) 18Nil0 0.395 263,3 260,2 4 WM
RSM 250 (1 18Ni11 0,40 265.3 259.6 3 WM
18Ni (2) 18Ni2 0,783 250.8 237.4 3 WM
RSM 250 (2) 18Ni4 0,783 254,4 244, 0 4 WM

Heat Treatment:
Anneal, weld, austenitize 1475 F/1 hr, oil quench; refrigerate -100 F/2 hr, air warm; double teiriper 450 F /2 o

(1)

(2)
(3)

{a) PM = parent metal; WM = weld metal,

each, air cocl.

Anneal; weld; age 900 F/3 hr; air cool.
Normalize 1650 F/1 hr; air cool; austenitize 1550 F /1 hr; oil quench; double temper 1000 F /2 hr each; air cool;

Weldo
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TABLE 41, GUIDED-IACE BEND-TEST RESULTS FOR 0, 160-1INCH-THICK MATERIAL

Maximum
Specimen Width, Thickness, Bending Load, Bend Failure
Material Number inch inch 1b/fin. 2 Angle, deg Location' @}
18N (250) 18Ni40 1. 000 0,149 30640 27 WA
18Nid1 0.998 0,149 3050 17 WM
18Ni42 0,996 0,149 3020 11 WA
18Ni43 0,998 0.149 3060 21 Wh
18Ni44 0,999 0.149 2960 18 WM
18Nid5 0. 996 0.148 2970 17 W
18Ni46 0,998 0,148 2980 17 Wi
18Ni47 0.999 . 0,149 3180 40 Whi
18Ni (300) 18Ni25 1,000 0,155 3180 13 WM
18Ni286 1.000 0,155 3370 19 WM
18Ni27 1,000 0.155 3300 15 wM
18Ni28 1,000 0,165 3320 18 WM
18Ni2% 1,000 0,150 3270 15 WM
18Ni30 1.000 0.155 3400 18 W
18Ni31 1,000 0.155 3360 17 WM
18Ni32 1,000 0,156 3380 23 WM
(3a) WM = weld metal,
TABLE 52, GUIDED-FACE BEND-TEST RESULTS FCR 0,375 IN, THICK MATERIAL
Maximum
Specimen Width, Thickness, ~ Bending Load, Bend Failure
Material Number inch inch 1b/in, 2 Angle, deg Location
18N (250) 18Nil5 1,025 0.383 11,250 10 WM
18Nil6 1,026 0,356 11,000 16 WM
18Ni17 «1,026 0.363 11, 500 15 WM
18Nil8 1,026 0,363 11,500 14 Wl
TABLE 53. GUIDED SIDE BEND TEST RESULTS FOR 0, 750-INCH-THICK MATERIAL
Maximum
Specimen Width, Thickness, Bending Load Bend Failure
Material Number inch inch 1b/in. 2 Angle, deg Location
18Ni (250) 18Ni6 0,726 0,372 8650 27 WM
18Ni7 0.726 0,371 7550 7 wm(a)
18Ni8 0,125 0,372 8000 T WM
18Ni9 0, 726 0,373 - 9000 31 WM

(a) Tear initriated at point where lack of sidewall fusion occurred.
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45 percent of the yield strength of the parent steel and with an R factor of +0.4. Cracks
were grown to & geometry where it was calculated that the gross area stress would not
exceed the yield stress and the crack depth would not exceed the half thickness of the
material. The specimens were tested to failure using a load rate of 150, 000 psi/min.
Efforts were made to measure ""pop-in'" with a separable averaging extensometer,.
Pop-in is the load at which initial crack instability occurs and is the load used in
calculating the plane-strain critical stress-intensity factor, Kj.. Data are shown in
Table 54. The high stress at fracture casts doubt on the validity of the tests in
evaluating fracture toughness., Soft areas were found to exist in the HAZ, and these
apparently affected the advancing crack front,

Macrosections and hardness surveys were made for each material thickness and
grade in the as-welded and the welded and aged conditions. In the as-welded condition,
the Vickers hardness in the center section of the weld area increased with increasing
plate thickness. When aged after multipass welding, however, the hardness in the
center section of the plate decreased with increasing plate thickness, These effects
resulted from aging of the martensite and austenite reversion. The quantity of reverted
austenite increased to the point where considerable softening in the center of the weld
zone occurred in the 0. 750-inch plate of 18Ni{250) steel. In the thinner 0,160-inch
materials, the hardness values in the weld and parent metal after aging were essentially
the same at all locations, reaching levels of approximately 580 VPM and 560 VPM,
respectively, for the 18Ni(300) and the (250) grades of steel,

9Ni-4Co Steels

The INi-4Co(250) steels (containing approximately 0. 45 percent C) were fully
heat treated after welding whereas the 9Ni-4Co(200) steels (containing approximately
0.25% C) were heat treated before welding and tested in the as-welded condition. The
testing procedures were the same as those described for the 18Ni steels, Tables 55
and 56 compare the tensile properties of the parent metal with those of welded speci-
mens, It will be noted that the welded specimens were as strong, both in yield strength
and tensile strength, as the parent metal. The ductility cannot be directly compared
because the welds were not ground.

Face bends in 0. 160-inch-thick sheet of both grades of 9Ni-4Co(250) steel showed
no significant difference in bend angle or failing load with difference in melting pro-
cedure, Four of the specimens from the VAR-C-DOX material showed some lack of
interpass fusion on the fracture surface. Two specimens showed some scattered
porosity. Only one of the six specimens showed any significant decrease in bend angle,
however, In both thicknesses, the bend ductility was slightly less for steel of the
Si/Al-DOX-VAR grade than for the VAR-C-DOX grade. It is significant that of the
specimens from 0, 750-inch plate, all from the VAR-C-DOX steel and three of the four
from the Si/Al-DOX-VAR steel were bent to a 160-degree angle without failure. Two
specimens contained slight tears in the weld metal, but these did not propagate. The
excellent weld ductility may, in part, be credited to the tempering that resulted from
multiple weld passes in the thicker plate., Another factor that may have contributed to
the apparent increase in ductility is the different direction of testing. (Side bends were
used on tests of 0. 750-inch plate, while face bends were used on the thinner material.)
Results of the bend tests are shown in Tables 57, 58, and 59.
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TABLE 54, TRANSWIELD PTC FRACTURE-TOUGHNESS TEST RESULTS
FOR 18Ni STEEL

Crack  Crack Crack

Thickness, Length, Dopth, Area g, ksi
Matcerial inch inch inch in.2 * Gross Net Kie
250 Grade VAR 0. 150 0,220 0. 063 0.0108 250.5 256.7 104.5

0.152 0. 250 0,061 0.011% 252.9 259.6 .109.4

300 Grade VAR 0.152 0.221 0. 064 D.01I1  257.6 264.0 107.2

0.153 0.236 0. 066 0.0122 260,7 267.8 111.5

250 Grave VAR 0. 355 0.555 0.153 0.0666  216.6 231.1 139.2

0.344 0,378 0.103 0. 0306 249.9  257.7 103, 4

0. 344 0.630 0. 167 0.0826 204.6 222.4 103.4

250 Grade VAR 0.725 0. 248 0. 092 0.0179  240.9 249.4 109.§

0.726 0.390 0. 147 0.0450  231.1 251.8 131.2

0.725 0.492 0.175 0.0676 203,9 232,77 127.8

TABLE 55. TENSILE RESULTS OF PARENT-METAL SPECIMENS
Heat Treat Specimen Thickness, F, Fty' Percent Elongation Reduction of Area,
Material Condition  Number inch ksi ksi 2«in, G,L. 1-in. G.L. ‘percent

9Ni-4Co (250) (1) 852-1 0,170  254,1 2181 17 - --
VAR-C-DOX (1) 852-2 0.161 264,7 224.1 8 -- --
9Ni-4Co (250) {1) 851-1 0.1170 273.0 231.6 7 -- --
$i/Al-DOX-VAR (1} 851-2 0,168 273.8 232.4 7 -- -~
9INi-4Co (200) (2) A-4 3/4 195.5 179,2 -- 18,5 80
VAR-C-DOX (2) D-25 3/4 198.2  182.2 -- 17.5 57
(3) B-11 3/4 197.6  -- -- 18.0 59
(3} E-21 3/4 197.7 184.0 -- 18,0 60
(4) C 16 3/4 192,86 181,0 .- 1B. 5 80
(4) E-8 3/4 191,5 180,17 -- 18,5 63
9Ni-4Co (200) (2) J-1 - 3/4 209,0 184,0 -- 18,0 55
Si/Al-DOX-VAR (2) M-16 3/4 209.0 183,2 -- 16,8 54
(3) K-6 3/4 206,0 185,1 -- 17.0 58
(3) N-21 3/4 208,86  186,3 -- 11,5 56
4) L-11 3/4 201.0 184,90 - 18,0 o8
(4) 0-24 3/4 200,1 183,86 - 18,5 57

Heat Treatments:

(1) Austenitize 147 F/1 hr, oil quench; refrigerate 100 F/2 hr, air warm; double temper 450 F /2 hr each, air cool,
(2) Normalize 1650 F/1 hy, air cool; austenitize 1550 F/1 hr, oil quench; double temper 950 F /2 hr each, air cool,
{3) Same as (2), except temper at 1000 F,
(4) Same as {2}, except temper at 1050 F,

157



TABLE 56, TENSILE RESULTS OF WELDED SPECIMENS

Percent Elongation

Heat Treat Specimen Thickness, Ftu. Fty- Failure

Material Condition Number inch ksi ksi in 2 Inches Location
9Ni-4Co (250) (1) 94A33 0.173 279.5 245,8 6 PM
VAR-C-DOX (1) 94A34 0.174 279.9 241.3 6 PM
(1 94A35 0.175 278.6 242,17 1 PM
INi-4Co (250) (H 94833 0.169 285,3 244,8 7 PM
Si/AL-DOX-VAR {1 94B34 0,169 284,1 244,8 6 PM
(1) 94B35 0,169 283.7 242.9 7 PM
Ni-4Co (200) (2} 94A10 0,386 195.3 172.,9 117 PM
VAR-C-DOX (2) 94411 0.3B5 197.9 17%.2 16 PM
9Ni-4Co (200) (2) ' 94B10 0,385 202,5 177.8 15 PM
Si/Al-DOX-VAR (2) 94B11 n, 381 204,32 177.86 15 ™M
9Ni-4Co (200) (2) 94A2 0,769 198.9 1810 20 PM
VAR-C-DOX (2) 94A4 0,715 198,8 184,86 20 PM
INi-4Co (200) {2) g94B2 0,767 209,5 185.1 18 PM
$i/Al-DOX-VAR {(2) 9484 0.710 209,9 183,58 20 PM

Heat Treatments:

(1) Anneal, weld, austenitize 1475 F/1 hr, oil quench; refrigerate ~100 F/2 hr, air warm; double temper 450 F/2 hr

each, air cool,

{2} Normalize 1650 F/1 hr, air cool; austenitize 1550 F/1 hr, oil quench; double temper 1000 F /2 hr each, air cool;

weld,
(a) PM = Parent metal,

158



TABLE 57, GUIDED-FACE BEND-TES'T RESULTS FOR 0, 160 INCH-THICK MATERIAL

Maximum
Specimen Width, Thickness, = Bending Load, Bend Angle,
Material Number inch inch 1b fin. * degrees Failure Location
INi-4Co (250) 94436 0,998 0.159 3100 25 NF3) wMD)
VAR-C-DOX 94A37 0,998 0,154 3400 12 NIF WM
94A38 0,997 0,154 2830 9 NIF WM
J4A39 0,998 0,154 3420 ao NIF wM
94A40 0.990 0.149 2370 22 WM
94A41 1,002 0,164 3820 22 WM Porosity
94A42 1,002 0.153 , 3250 16 WM Porosity
94A43 1,002 0,164 3980 25 WM

9Ni-4Co (250} 94B36 0,999 0,143 3280 23 WM

$i/Al-DOX-VAR 94B37 1,001 0.148 3540 21 WM
94B38 0,994 0,138 3120 25 WM
94B39 1,004 0,135 3350 27 WM
94B40 0,99% 0,138 3080 26 WM
94841 1,001 0,143 3220 17 WM
94842 0.999 0.147 3530 23 WM
94B43 1,003 0,142 3280 21 WM

e —re— el e — e
e e ———— — ———

{a) NIF = No interpass fusion,
(b) WM = Weld meral,

TABLE 58, GUIDED-FACE BEND-TEST RESULTS FOR 0, 375-INCH-THICK MATERIAL

t————————————— = r—— —
—— e —— —

Maximum
Specimen Width, Thickness, Bending Load, Bend Angle,

Material Number inch inch 1b/in.2 degrees Failure Location
9Ni-4Co (200) 94A15 1. 005 0. 347 9400 47  Weld Metal
VAR-C-DOX 94A16 1, 009 0,347 9450 47 Weld Metal

94A17 1,005 0, 342 8500 58 Fusion Line
94A18 1. 005 0.347 9750 48 Fusion Line
INi-4Co (200) 94B15 1.012 0. 347 9400 28 Weld Metal
5i/Al-DOX-VAR 04818 1,009 0,347 9700 35 Weld Metal
94B17 1,009 0,347 9800 42 Weld Metal
94B18 1. 01¢ 0,341 9550 49 Weld Metal

TABLE 53, GUIDED-SIDE BEND-TEST RESULTS FOR 0, 750-INCH- THICK MATERIAL

e —— e
e~ —— — ——

ll

Maximum
Specimen Width, Thickness, Bending Load, Bend Angle,

Material Number inch inch 1b/in, 2 degrees Failure Location
9Ni~-4Co (200) 94A6 0.726 0,372 10,180 161 No Failure(a)
VAR-C-DOX 34A7 0,726 0.372 g, 810 158 No Failure

94AR 0.728 0,373 10, 140 161 No Failure
94A9 0,726 0,372 10,130 160 No Failurel 2}
gNi-4Co (200} 94B6 0. 726 0,372 10, 580 162 No Failure
Si/Al DOX-VAR 04B7 0. 126 0,37 8, 680 64 Weld Metal
94BB 0.726 0,373 10, 700 160 No Failure
9489 0.726 . 0,372 10, 490 159 No Failure

— et g} =

Fa) Slight tears occurred on surface, did not propagate; 159



As in the case with the 18Ni steels, the fracture-toughness testing of transweld
tensile specimens of both the {250} and the (200) grade of 9Ni-4Co steels was conducted
using the partial-thickness-crack (PTC) method. Only three specimens of the
INi-4Co(250) steel were tested because of difficulty in growing the semielliptical fatigue
cracks. The specimens tested congisted of ane produced from steel using the
VAR-C-DOX melting technique, and two from steel produced by the Si/Al-DOX-VAR
technique. The Kj. values for these specimens were between 43 and 46 ksivin.,
indicating little difference in fracture toughness as a function of deoxidation technique
for the 9Ni-4Co(250) grade, The fracture toughness 9Ni-4Co(200) material in plate of
0.375-inch thickness was somewhat greater in the VAR-C-DOX steel than in
Si/Al-DOX-VAR steel, the Kjo values for the former steel ranging from 104 to 122
ksivin. Test results on the 0.750-inch-thick plate were similar. The apparently
greater toughness of steel produced by the VAR-C-DOX melting technique resulted in
excessive net stress and yielding for the specimen size and crack geometries employed,
thereby leading to conservative toughness values. Table 60 summarizes the PTC
fracture-toughness-test results on the 9Ni-4Co steels.

Macrosections and hardness surveys were conducted on steel for each thickness
and grade. The hardness along the weldment in 9Ni-4Co(250) material was essentially
constant, indicating satisfactory heat-treatment response of the filler metal. Hardness
values on the 9Ni-4Co{200) grades of steel indicated a substantial spread in hardness
through the thickness of the plate. The final weld pass on each side of the 9Ni-4Co(200)
plate transformed to self-tempered martensite on cooling to room temperature. This
resulted in a hardened area in the weld heat-affected zone. Prior weld passes had,
however, been additionally tempered by the subsequent weld passes. As a consequence,
softening occurred, which brought their hardness value down until it was about equal
to that of the parent metal,

TABLE 60, TRANSWELD PTC FRACTURE- TOUGHNESS-TEST RESULTS FOR 9Ni-4Co STEEL

Crack Crack Crack
Thickness, Length, Depth, Area o, ksi
Material Description _ inch inch inch in, 2 Gross Net Kic
0.45C (Si/Al-DOX -VAR) 0.157 0. 188 0. 055 o, 6081 1187 120, 5 43.4
0,151 0.098 0,038 0,0028 166, 7 167, 7 46,3
0,45C ( VAR-C-DOX) 0.160 0.202 0. 062 0, 0098 120.1 128,6 45,9
0,25C (Si/A1-DOX-VAR) 0,353 0. 530 0, 160 0. 0666 146,0 154,9 93.0
0. 329 0,478 0.115 0, 0432 152, 5 159, 5 87.8
0.346 0,435 0,128 0,0437 152.9 159, 8 88,5
0.25C (VAR-C-DOX) 0,359 0,713 0,208 0,118 164,2 184,1 122,4(3)
0,354 0,330 0. 122 0. 0316 196, 0 202, 0 104, 3(2)
0,343 0. 502 0,148 0.0583 181, 3 192,2 115,%a)
0.25C (8i/Al-DOX - VAR) 0,720 0,405 0,114 0.0362 164.3 176.3 94, 1
‘ 0.726 0.388 0,110 0.03235 163.4 174.3 88, 8
0,739 0,445 0,122 0, 0428 174.1 188, 6 101,42}
0,25C (VAR-C-DOX) _ 0,731 0,455 0, 133 0. 0475 179.2 196, 3 107,4(8)
0.726 0,397 0.217 0,676 173.7 198, 8 103, 4(8)
0,740 0.390 0. 130 0, 0368 182,9 196.9 103, 4(2)

(a8) Ky value is questionable because of excessive net stress,
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CONCLUSIONS AND RECOMMENDATIONS

18Ni Maraging Steel

The 18Ni maraging steels are subject to cracking during the reheating and forging
of large-size (43-inch~diameter) ingots. Longer soaking times, higher preforging
heating (at 2300 F), and slower postforging cooling lessened the tendency to crack,

It is recommended that 18Ni maraging material that is to be flame cut be overaged
at 1100 F before cutting,

The preferred '"finishing' temperature for 18Ni maraging forgings was found to be
1900 to 1950 F for air-melted material and 1850 to 1900 F for vacuum~arc-remelted

material,

Superior toughness was exhibited by vacuum-arc-remelted as compared to air-
melted material and by the (250} grade as compared to the {300} grade.

18Ni maraging sheet finished at 1550 F exhibited properties superior to those of that
finished at higher temperatures.

Optimum mechanical properties were obtained by a 1-hour solution anneal at 1500 F
followed by -aging for 3 hours at 925 F.

Stress~-corrosion tests suggested that sensitivity decreased with decreasing strength
and that vacuum~arc-melted material was superiocr to air-melted material,

The 18Ni maraging steels could be welded with little loss in strength and/or tough-
ness, provided the material was re~aged after welding.

9Ni=4Co Steel

Cracks were formed in the 9Ni~4Co steels during initial forging tests, The dif~
ficulty was overcome by careful surface preparation and by using a preforging
temperature of 2200 F,

The preferred "finishing' temperature for 9Ni-4Co forgings was found to be 1900 to
1950 F,

The 9Ni-4Co sheet and plate was rather insensitive to "finishing" temperatures, but
there appeared to be some advantage to finishing the sheet bar at 1850 F and the
sheet at 1500 F,

Both grades of 9Ni-4Co steels are susceptible to stress corrosion.

The 9Ni-4Co steels could be welded satisfactorily,
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