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THE MECHANICAL PROPERTIES OF THE
18 PER CENT NICKEL MARAGING STEELS

SUMMARY

This report is intended to provide as complete a background of information on the
mechanical properties of the 18 per cent nicke] maraging steels as is obtainable at the
present state of development of these alloysT™™Since the combination of tensile properties
and toughness that can be obtained with the maraging steels is higher than can be
achieved with other steels by simple heat treatments, there is considerable interest in
using the maraging steels for critical components such as rocket motor cases, pressure
vessels, and aircraft forgings. i
wm information on'their mechanical-propertiesmust'be coltectad
and gualiased.

This report includes information on the tensile, compressive, shear, bearing,
dynamic modulus, impact, bend, fatigue, creep, and rupture properties of the 18 per
cent nickel maraging steels and on the effect of temperature on these properties. Data
for the properties of sheet, bar, and forgings, as well as data illustrating the effect of
cold rolling, variation in the heat treatment, and elevated-temperature exposure also
are presented,C Data on the effect of specimen orientation, which are also included,
indicate that the ductility and toughness of specimens designed to evaluate the properties
in the short transverse direction are somewhat lower than in the other directions.

The high strength and toughness that can be obtained in the 18 per cent nickel
maraging steels make them attractive for certain critical applications that require these
properties. The fabrication characteristics, weldability, and simple heat treatment are

other advantages of these steels.M
=~



INTRODUCTION

The maraging steels are a class of iron-nickel-cobalt-molybdenum-titaninm alloys
with low carbon contents. There are four major types of maraging steels containing
15, 18, 20, and 25 per cent nickel. The 18 per cent nickel type is the most important at
present because of its advantages for use in large high-strength structures including
pressure vessels and large boosters. These advantages will become evident as the
properties and processing of the 18 per cent nickel type are reviewed in this report.

Within the 18 per cent nickel type, there are several grades arbitrarily based on
yield strength; i. e., the 200, 250, and 300 grades representing yield-strength levels of
200,000, 250,000, and 300,CN0 psi, respectively. In some instances, other grade des~-
ignations also have been used, e.g., 180, 225, 280, and 325 grades. The actual strength
level that may be achieved for a given heat of 18 per cent nickel maraging steel depends
primarily on the '""hardener content'', that is, the amounts of titanium, molybderum, and
cobalt present in the alloy. Because of variations in the intended hardener content and
"aging response'', the actual properties obtained for a specified grade fall within a scat-
ter band. The scatter bands for the various grades may overlap slightly, as is pointed
out later.

The 18 per cent nickel maraging steels are hardened by a simple aging treatment.
Water or oil quenching normally are not required after the annealing or aging treatments
since thcse steels are martensitic (low carbon martensite) after slow cooling from the
annealing temperature, which usually is 1500 F. Aging (maraging) in the range from
850 to 950 F promotes an age~-hardening reaction. The actual mechanism of this reac-
tion has not been determined although it is being studied.

Early in the development of these alloys, it was recognized that the nickel marag-
ing steels had certain advantages over the low-alloy quenched-and-tempered martens-
itic steels for many applicatioas requiring high strength. These advantages include good
forming characteristics of the annealed alloy even though it is martensitic, attainment
of high strengths with a relatively simple heat treatment at moderate temperatures,
minimum dimensional change and distortion on heat treatment, and virtual immunity to
decarburization. Comparatively good weldability and good fracture toughness are also
attributes of the maraging steels. Because of these attractive characteristics, and be-
cause of the need for improved high-strength materials for aerospace applications in
general and for large solid~propellant rocket-motor cases in particular, a considerable
effort has been made in the past 2 years to develop and evaluate these new steels. The
objectives of this effort have been to establish optimum compositions and melting and
mill practices for the various commercial forms such as sheet, plate, bar, and forg-
ings; to determine optimum forging, machining, welding, and heat-treating procedures;
and to obtain a backlog of property data that can be used in specifications and designs for
these steels.

In recent studies of the metallurgical properties of maraging steel plate, it has
been observed that there is a tendency for this steel to develop a banded structure. This
condition causes reduced short-transverse strength and ductility. Fractures in banded
plate have shown that the dark=-etching portion of the banded structure has lower strength
than the lighter etching portion. These studies are being continued to try to minimize
the effect of banding.
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In several instances, cracks have developed at welds in thick sections of maraging
steels. Even though this report is not primarily concerned with the properties of welded
joints, the problem is mentioned in the interest of caution. In addition, it should be
noted that the maraging steels are considerably more expensive than the low-alloy mar-
tensitic steels. Consequently, use of the maraging steels is generally limited to special
high-strength components for which the cost can be justified.

A preliminary review of the properties of the nickel maraging steels was presented
by the Defense Metzls Information Center in Memorandum 156 dated July 2, 1962. Since
then, a large number of reports containing data on the maraging steels have reached
DMIC. This reportis a summary and review of the data presented in these other

reports.

The data presented in this memorandum are limited to the 18 per cent nickel types
of maraging steels (200,000 to 300,000-psi yield strengths) since most current interest
in the maraging steels is in the 18 per cent nickel compositions. The composition ranges
for these grades are as follows(1, 2)*,

Alloyin% Grade

Element(?) (200) (250) (300)
Ni 17-19% 17-19% 18-19%
Co 8.0-9.0 7.0-8.5 8.5-9.5
Mo 3.0-3.5 4,6-5.2 4, 6-5.2
Bl 0.15-0.25 0.3-0.5 0.5-0.8
Al 0.05-0.15 0.05-0.15  0.05-0.15

(a) Other elements (per cent): 0,03 maximum C, 0.10 maximum
Mn, 0,10 maximum Si, 0,01 maximum S, and 0,01 maximum
P, Other elements added (per cent): 0,003B, 0,002Zr, and
0. 05Ca,

EFFECTS OF ANNEALING AND AGING CONDITIONS, HARDENER
CONTENT, AND COLD WORKING ON PROPERTIES

In all of the 18 per cent nickel grades of maraging steel, transformation to mar-
tensite occurs above room temperature on cooling from the hot-working or the annealing
temperatures. Typical tensile properties and hardness values for bar stock annealed
1 hour at 1500 F and air cooled are as follows(1):

(250) Grade, (300) Grade,

air melted vacuum melted
Yield Strength, 95,000 110,000
0. 2 per cent offset, psi
Tensile Strength, psi 140,000 150,000
Elongation in 1 Inch, per cent 17 18
Reduction in Area, per cent 75 72
Hardness, Rockwell C 28-30 30-32

*References appear at the end of the report,
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Since final strengthening is achieved by an aging treatment, variations in annealing
and aging conditions have been studied in a number of programs in order to determine
the preferred treatments for optimum properties. Variations in composition and effects
of cold working on the mechanical properties also have been evaluated as discussed in
the following sections.

The aging response of these alloys whether wrought or cast is affected by such
factors as hardener content (titanium, molybdenum and cobalt) and by prior treatment
(melting and casting procedures, hot working, warm working, cold working, and anneal-
ing processes), Effects of some of these factors are discussed. It should be emphasizcd
that since these factors can cause variations in the properties, careful control of all of
the processing procedures is required to obtain consistent properties from one heat to
the next.

Annealing and Aging Conditions

As a result of the studies of annealing cycles for wrought 18 per cent nickel mar-
aging steels, the recommended annealing treatment is usually 1 hour at i500 F followed
by air cooling. This cycle apparently results in optimuimn ductility since specimens an-
nealed at lower or higher temperatures have lower values for reduction in area. This is
shown in Figure 1(3). The l-hour treatment at 1500 T is the most frequently used an-
nealing cycle for all of the wrought grades of 18 per cent nickel maraging steel. For
plate and forgings over 1 inch in thickness, the annealing treatment is often 1 hour at
1500 F per inch of thickness.

Aging of wrought products without annealing also will result in substantial strength-
ening. This effect is shown in Table 1 for 1/2-inch plate of 18Ni (250) naraging steel in
the hot-rolled-and-aged condition and in the annealed-and-aged condition. The annealed-
and-aged specimens normally have slightly higher and more uniform propertiec than the
hot-rolled-and-aged specimens. Therefore, for beet control of properties, the anneal-
and-age treatment is preferred. This same effect pertains to all grades of 18 per cent
nickel maraging steels(4),

The effects of variations in aging temperature and in time at temperature are also
shown in Table 1. The best balance of strength and ductility is usually obtained by aging
at about 900 F for 3 or 4 hours after annealing at 1500 F. Figures 2 and 3 show values
for yield strength for transverse and longitudinal specimens aged at 850, 900, and 950 F
for 1, 3, and 10 hours and illustrate the typical aging response for these alloys. For
some heats, longitudinal specimens have higher strengths than the transverse specimens
as in Table 1. For others, the transverse specimens are stronger as in Figures 2a: < 3,
This probably depends on the degree of cross rolling.

For cast 18 per cent nickel maraging steels, a preliminary treaiment at 2100 F
has beer used to obtain higher properties than can be achieved with only the 1500 F an-
nealing treatment. The improvement in properties resulting from the 2100 F treatment
is shown in Table 2,
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FIGURE 1. EFFECT OF SOLUTION-TREATING TEMPERATURE ON THE
LONGITUDINAL PROPERTIES OF 18Ni (250) MARAGING
STEEI(Y)

Solution treating time — 1 hour. Aged at 900 F for 3 hours.
Heat 23832; 0.01C, 0.(,14Mn, 0.003P, 0.002S, 0. 04Si,

18. 60Ni, 5.04Mo, 7. 74Co, 0, 08Al, 0.42Ti, 0.001Ca,
0.0032r, 0. 002B.



TABLE 1. TENSILE PROPERTIES OF AIR-MELTED 1/2-INCH PLATE
OF 18Ni (250) MARAGING STEEL AS HOT ROLLED AND
AGED AND AS ANNEALED AND AGED(4)
- -  — — —— —  — __ ____ ___ ________ - ______— ——" " ——— —— -=_ — —

Aging Yield
Treatment Strength Tensile Elongation Reduction
Temrp, Time, 0. 2% Offset, Strength, in 1 Inch, in Area,
F hours Direction 1000 psi 1000 psi per cent per cent

Hot Rolled and Aged

850 4 L 252 263 9.0 39.6
850 8 L 260 272 8.6 38.9
900 4 L 265 273 7.6 37.2
900 4 T 243 255 9.5 40.7
900 8 L 283 289 7.1 38.6
900 8 T 263 272 8.0 42,9
950 2 L 264 272 7.7 38.5
950 4 L 266 276 7.6 39.2
Annealed at 1500 F for 30 Minutes and Aged
850 4 L 258 266 9.1 47.0
850 8 L 268 276 8.8 46.5
850 16 L 284 291 7.7 42.1
850 16 T 264 276 8.1 42.4
900 4 L 275 281 7.9 43,5
900 4 T 259 268 8.8 46,7
900 8 L 286 292 7.6 40,3
900 8 T 273 279 7.5 42.9
950 2 L 261 267 8.9 46,5
950 4 L 269 278 7.9 41,6

Note: Tests made on 1/4-inch-diameter specimens.
Composition of Heat 13371: 0, 023C, 0, 003P, 0,009S, 0,C6S{, 18, 65Ni, 8,05Co, 4,90Mo, 0,52Ti, 0, 05Al,
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FIGURE 2, EFFECT OF AGING TREATMENT ON THE YIELD STRENGTH OF
0.115-INCH-THICK 18Ni (250) MARAGING STEEL SHEET(3,5)

Composition: 0,010C, 0,014Mn, 0,003P, 0.002S, 0, 04Si, 18, 60Ni,
5,04Mo, 7.74Co, 0,42Ti, 0, 08Al,

Specimens annealed at 1500 F for 1 hour and air cooled before
aging,
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0.115-INCH-THICK 18Ni (300) MARAGING STEEL SHEET(3,5)
Composition: 0,008C, 0,015Mn, 0,001P, 0,6003S, 0,05Si, 18,61Ni,
5.00Mo, 9.05Co, 0,71Ti, 0,13Al,

Specimens annealed at 1500 F for 1 hour and air cooled before
aging.
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TABLE 2. EFFECT OF ANNEALING TREATMENT ON THE ROOM-TEMPERATURE
TENSILE PROPERTIES OF CAST 18Ni (250) MARAGING STEEL(6)

Annealing
Treatment Yield Strength Tensile Reduction
Temp, Time, 0.2% Offset, Strength, Elongation, in Area, Hardness,
F hours 1000 psi 1000 psi per cent per cent Rockwell C
1500 3 253 274 1.7 3.2 51
2100 4
1500 3 262 275 5.8 21.0 52
2100 4 254 270 $.7 20.2 51-52

Note: All specimens aged at 900 F for 3 hours after the annealing treatment,
Heat 08990-1: 0,03C, 0,14Si, <0, 10Mn, <0,01S, <0, 01P, 4,74Mo, 18,32Ni, 9,33Co, 0.45Ti, 0.12Al,
0. 00358, <0,01Zr,

Hardener Content

The effects of hardener content have been assessed by various investigators.
International Nickel Company investigators have estimated that, within the composition
range of the 18 per cent nickel maraging steels, the incremental effect of cobalt on the
yield strength is 1000 psi for each 0.1 per cent added, for molybdenum it is 2000 psi for
each 0. 1 per cent added, and for titanium it is 10,000 psi for each 0. 1 per cent. * The
results of another investigation(7) indicate that 0. 1 per cent increments of the alloying
elements increase the yield strength the following amounts: cobalt, 1200 psi; molybde-
num, 2800 psi; and titanium, 6000 psi. Other investigators have suggested an empirical
equation relating hardener content to the strength obtained on aging, as plotted in
Figure 4.

The equation
Yield Strength (1000 psi) = 15. 1 + 9. 1{% Co) + 28. 3(% Mo) + 80. 1{(% Ti)

has also been proposed(4). When this equation is used to estimate the range in yield
strength that is possible considering the limited ranges of hardener contents in the spec-
ification for one grade, the yield strengths may vary by as much as 35,000 psi. This
indicates the need for conducting aging-response studies on each heat to be certain of the
actual properties that can be achieved and to permit matching the properties of all the
individual components for each fabricated item.

Although some variation is reported in the actual magnitude of the effect of each of
the hardening elements, it is apparent that titanium has the greatest influence ou the
strength of the maraging steels, as aged. The effect of titanium content on the yield
strength of the 250 and the 300 grades of 18 per cent nickel maraging steels is shown in
Tigures 5 and 6. The data from which these curves were plotted are presented in

*R. F. Decker, private communication,
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FIGURE 4, EFFECT OF ALLOY CONTENT ON THE YIELD STRENGTH OF
0. 062-INCH-THICK 18Ni (300) MARAGING STEEL SHEET
ANNEALED AT 1500 F FOR 1 HOUR AND AGED AT 900 F FOR
3 HOURS(8)
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FIGURE 5, EFFECT OF TITANIUM CONTENT ON THE YIELD STRENGTH OF
18Ni (250) MARAGING STEEL

Both production size and laboratory heats are shown, (5)
Compositions of heats are given in Table A-1 in the Appendix,
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18Ni (300) MARAGING STEEL ANNEALED AT 1500 F AND AGED
AT 900 F FOR 3 HOURS(7,9)

See Tables A-2, A-3, and A-4 in the Appendix for compositions
and properties,
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Tables A-1 through A-4 in the Appendix. The data points in Figures 5 and 6 show that
the titanium must be on the high side of the ranges usually specified (0. 3 to 0.5 for the
250 grade and 0.5 to 0.8 for the 300 grade) if the expected yield strengths are to be
attained. The variations in properties at a given titanium level are undoubtedly attribut-
able to numerous factors including variations in the contents of the other two hardener
elements, cobalt and molybdenum.

Effect of Cold Working

A number of investigations are in progress on the effects of cold working on the
properties of maragi:.g steels. Some of the data that have been accumulated are pre—
sented in Figures 7 and 8 and listed in Tables A-5 through A-8 in the Appendix. These
data show that the strengths of both the 250 and the 300 grades of 18 per cent nickel mar-
aging steel, as aged, are increased by prior cold working. Also, cold working tends to
decrease sliphtly the time and temperature at which maximum strength is achieved dur-
ing aging. These data led to the conclusion that the maximum yield strength was obtained
when the metal was cold worked 50 per cent before aging, and that the optimum aging
time at 900 F was 1. 75 hours for the 250 grade and 5. 4 hours for the 300 grade.

The effects of cold working on the tensile properties of bar stock are shown in
Table 3. (10)

TABLE 3. EFFECT OF COLD WORKING ON THE TENSILE PROPERTIES
OF 18Ni(250) MARAGING STEEL BAR STOCK(10)

0. 2% Offset Tensile Elongation Reduction
Cold Work, Yield Strength, Strength, in 1 Inch, in Area,
per cent 1000 psi 1000 psi per cent per cent
0 261 264 8.6 57
25 272 277 6.5 49
50 293 298 5.2 44

Note: Aged at 900 F for 3 hours after cold working. Specimens 1/4-inch diameter.

Coid working also affects the elastic modulus of maraging steels as shown by dy-
namic modulus tests. {11} The variation in modulus is not only dependent on the heat-
treating and cold-working cycles but also on the orientation of the specimen, as shown
in Table 4 for sheet of 18Ni(250) maraging steel in several different conditions.

In highly stressed structures that require joining of various components by welding
or other means, it may be advisable to match the modulus of adjoining components so
the deformations under load will be as uniform as possible.

The effect of cold working on Poisson's ratio for 18Ni(250) maraging steel sheet
are shown in Table 5 [tentative data by Kula(12)], Young's modulus was 26 x 106 psi for

each condition,
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TABLE 4. EFFECT OF COLD WORKING AND ORIENTATION
ON THE DYNAMIC MODULUs(11)

Dynamic Modulus, 106 psi
Longitudinal Transverse

Condition Specimens Specimens
As received annealed at 1500 F for 15 min 25.8 27.6
Aged at 900 F for 3 hours ' 27.3 29.2
As-received material cold worked 60% 26.1 29.4
Cold worked 60% and aged at 900 F for 27.8 30.9
3 hours
Cold worked 60%, annealed 1500 F for 27.3 28.1

1 hour, and aged at 900 F for 3 hours

Reannealed 1500 F for 1 hour, cold worked 27.2 30.6
60%, and aged 900 F for 3 hours

Note: See Figure 10 for composition.

TABLE 5. EFFECT OF COLD WORKING ON POISSON'S RATIO

Cold Work, Poisson's
“Direction per cent Ratio
L 0 0.31
L 40 0. 28
L 60 0.26
T 0 0.31
T 20 0. 31
T 60 0.26

Note: Data obtained on tensile loading sheet specimens which were annealed at 1500 F,
cold worked, and aged at 900 F for 3 hours. Composition: Heat C, 0.02C, 0.10Si.
0.08Mn, 0,009S, 0.009P, 18.96Ni, 7.34Co, 5.04Mo, 0.05A1, 0.25Ti, 0.004B,
0.01Zr, 0.05Ca.
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The strain-hardening exponent, n, obtained on specimens frorn 1-inch plate having
a yield egtrength of 230,000 psi and tensile strength of 240,000 psi was 0. 039. (1)

Ausforming experiments at Lockheed(13) on specimens of 18Ni (300) maraging
steel did not yield any improvement in mechanical properties. The specimens were
cooled from 1500 F to 900 F or 450 F and strained about 25 per cent, cooled to room
temperature, then to -100 F, and finally aged at 900 F for 3 hours.

The data presented here are only indicative of the considerable amount of data that
have been accumulated on the effects of warm and cold working these steels. Much of
the research being done on the effects of cold working involves the lower alloy grades of
the 18 per cent nickel maraging steels.

TENSILE PROPERTIES

Data on the room-~temperature tensile properties of the various grades of 18 per
cent nickel maraging steels, collected from numerous sources, show the influence of
form (section size), melting practice, and teeting direction on the tensile properties.
These data can be conveniently grouped and presented according to three mill forms:

4

(1) Sheet in thicknesses up to 0. 25 inch
(2) Plate, in thicknesses from 0. 25 to 2. 5 inches

(3) Heavy sections including rounds, bars, slabs, billets, forgings,
and squares,

Melting practices represented by these data include air melting, air melting with vac-
uum degassing, and vacuum=-arc remelting.

The tensile data collected in this section represent only one condition of heat
treatment: solution annealing at 1500 F followed by aging at 900 F for 3 or 4 hours,
Tensile data are listed in Tables A-9 through A-17 in the Appendix. Each data point is
an average of data from two or more test specimens. From these data, the minimum,
maximum, and overall average tensile properties were determined and tabulated in
Tatle A-18. The datz in Table A-18 help to illustrate the scatter in tensile properties.
Table A-18 also includes the number of te~t points used for computing the average val-
ues. This provides some indication of the significance of the overall average values
reported.

The effects of section size, melting practice, and testing direction on tensile prop-
erties are shown in Figure 9, which is a bar graph of the average tensile properties
(tensile strength, vield strength, and elongation) of the (200), (250), and (300) grades of
the 18 per cent nickel maraging steels. It is obvious from the bar graph that the average
yield strengths of all the 18Ni (200) grade forms lie well above the 200,000-psi yield-
strength line and that average yield strengths of over 230,000 psi have been obtained
within this grade of steel. The average yield strength levels for the 18Ni (250) grade
usually lie just above the 250,000-psi yield-strength line. It appears that average yield
strengths of 250,000 psi can be consistently obtained and that yield st-engths up to
270,000 psi have been obtained with this grade. The data for the 18Ni (300) grade
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materials, in all forms, clearly indicate that average yield strengths for this grade are
usually near the 280,000-poi level.

Considering the data for all the grades of maraging steels suggests several gen~
eralizations. The spread between the average tensile-strength and yield-strength val-
ues within each grade is fairly constant and overall averages about 8,000 psi. The
ductility of the steels varies with the strength levels and the type of product. As the
tensile strengths increase the ductility tends to decrease, while the ductility of sheet
tends tc be less than that of the other forms. The elongations reported are for a l~inch
gage length in most instances. For all the maraging steel grades, the average elonga-
tion ranged from 3 per cent to 12 per cent.

Effect of Section Size, Specimen Orientation,
and Strain Rate

The bar graph in Figure 9 also indicates that section size generally does not influ-
ence the strength level that can be achieved for a given composition. In other words,
the hardening reaction is not limited by section size for the 18 per cent nickel maraging
steels as it is in the case of the quench-hardening low=-alloy martensitic steels.

An example of the effect of section size on the tensile properties of a forging of
18 per cent nickel maraging steel is shown in Table 6. Spec'mens taken from a 4-inch-
§ thick section had the same strengths as those from a section 0. 62 inch thick. However,
the ductility of the specimens taken from the transverse and short transverse directions
in the thick section was lower than that for the longitudinal specimens and for the trans-
verse specimens from the thinner web section. The ductility is dependent on the amount
of hot working and on the direction of specimen orientation.

TABLE 6. AVERAGE TENSILE PROPERTIES OF 18Ni (250) MARAGING
STEEL FORGING AT HEAVY AND THIN SECTIONS(l

- - - - - - - - - 0 0 —-—-n-—
Yield Strength  Tensile Elongation Reduction

0. 2% Offset, Strength, in 1 Inch, in Area,

Location(2) Direction 1000 psi 1000 psi per cent per cent
Heavy Section Long. 251 263 10.0 47,4
Trans, 250 262 4.5 14,2
ST 252 264 4.8 23,9
| Web Section Long. 254 266 10,5 53.2
Trans, 251 263 10.0 48,1

| Note: Heat W-G 10081, vacuum-arc remelted, 0,020C, 0,16Si, 0,03Mn, 0,006S, 0.005P, 18. 16N, 4,40Mo,
7.22Co, 0.54Ti, 0.22A1,
c Heat treatment, 1500 F 1 hour, air cooled, aged 900 F 3 hours,
{ ST = short transverse,
1 (a) Heavy section was 4 inches thick; web section was 0. 62 inch thick.
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Tensile data on specimens from a 40-inch-diameter front dome forging for the
Pershing missile motor case further illustrate the effect of specimen orientation(14);

Radial and Tangential Short Transverse

Directions Direction (Average)
Yield Strength, psi 278,000-286, 000 279,100
Tensile Strength, psi 289,600-297,000 288,600
Elongation in 1 Inch, per cent 6.5-10.0 4.3
Reduction in Area, per cent 34,1-48.2 16.5

These specimens were annealed 1 hour at 1500 F, air cooled and aged at 200 F for

3 hours. The tensile and yield strengths fall within relatively narrow bands but the duc-
tility is substantially lower for specimens taken from the short transverse direction
than from the other diieactions. These data also indicate that the ductility is influenced
by the degree of hot working.

Typical tensile properties from the longitudinal and transverse directions for
sheet and plate of 18 per cent nickel maraging steel are shown in Table 7. It is assumed
that the longitudinal direction is the same as the direction of the final rolling passes.
Obviously, there is little if any difference in the longitudinal and transverse directions
in the sheet and plate from these heats. Apparently the degree of cross rolling was ade -
quate to overcome any differences that might be detected by unnotched tensile tests.

TABLE 7. EFFECT OF ORIENTATION ON THE TENSILE PROPERTIES OF
" 18 PER CENT NICKEL MARAGING STEEL SHEET AND PLATE

Yield Strength  Tensile Elongation

Thickness, 0. 2% Offset, Strength, in 2 Inches,

inch Direction 1000 psi 1000 psi per cent Heat Reierence

0.075 Long. 230 237 7.8 24285 15
‘"rans. 233 242 7.5  (VAR)(a)

0. 075 Long. 266 274 7.2 W-24178
Trans. 271 278 6.8 (VAR)3)

0. 065 Long. 251 264 7.0 06498
Trans. 257 268 6.8 (VAR)(a)

0.50 Long. 248 255 13 X-13371 16
Trans, 244 250 12 (Air melt)

— —————= —————————
e — ——

Notes Aging treatment: 900 F 3 hours.
(a) Vacuum-arc remelt.

In evaluating the tensile properties of shest and plate using full-thickness speci-
mens, the thickness of the material has a marked effect on the elongation as shown in
Table 8. These data show a definite trend in thickness versus elongation from 0. 025 to
0. 250-inch thickness for the (250) and (300) grades. This effect should te considered
~vhen setting up specifications for these alloys. The data in Table 8 also show the effect
of gage length in measuring the elongation. The elongation in a l1-inch gage length is
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TABLE 8, TENSILE PROPERTIES OF TRANSVERSE SPECIMENS
OF 18 PER CENT NICKEL MARAGING STEEL SHEET
AND PLATE OF VARIOUS THICKNESSES(17)

l Stregh Tensile Elongation
Thickness, 0.2% Offset, Strength, In 1 Inch, In 2 Inches,
inch 1000 psi 1000 psi per cent per cent

(250) Grade

0. 025 274 280 2.0 1.0
0. 040 268 269 3.0 1.5
0. 050 274 276 4.5 2.0
0. 062 262 268 5.0 2.5
0. 075 284 289 6.0 3.0
0. 050 261 264 6.0 3.0
0.125 264 279 7.0 3.5
0.187 252 264 6.0 3.0
0.250 274 278 9.0 4.5
0. 375 272 275 12.0 6.0
0.500 266 268 10.0 5.0
0.750 263 266 10,0 5.0

(300) Grade

0. 025 294 300 2.0 1.0
0.040 293 302 3.5 2.0
0.050 299 300 4.5 2.5
0. 062 303 318 5.0 2.5
0.075 305 306 6.0 3.0
C. 087 309 310 6.0 3.0
0. 098 308 309 6.5 3.5
0. 125 291 299 6.5 3.5
0.190 276 290 7.5 4.0
0.250 295 304 10.0 5.0
0.500 276 284 9.0 4.5

Note: All specimens were vacuum-arc remelted material solution annealed for 1 hour per inch of thickness and
air cooled. Each specimen was aged for 3 hours at 900 F. Data are averages for two specimens.
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twice that in a 2-inch gage length (Wwhen measured on the same specimen). This is
characteristic of materials that develop little or no uniform elongation before necking
occurs during tensile testing. It is also characteristic of materials that have yield
strengths only slightly lower than the ultimate strengths.

Only limited data are available on the effect of strain rate on the tensile properties
of the 18 per cent nickel maraging steels. However, results of tests at 0. 005, 0. 05,
and 0. 102 inch per inch per minute on one series of specimens from bar stock of (300)
grade indicated that there was a slight increase in tensile and yield strenlgths for both
longitudinal and transverse specimens within this range of strain rates. (18) pata ob-
tained by other investigators(13) on three sets of specimens of 18Ni (300) sheet aged at
900 F for 3 hours and tested at 0. 005 inch per inch per minute and at crosshead speeds
of 1 inch and 2 inches per minute also indicate that this alloy is not strain-rate sensitive
within this range. '

Effect of Melting Practice and Grain Size

From the bar graph in Figure 9, there does not appear to be a consistent diffcr-
ence in tensile properties attributable to melting practice. This is further illustrated
by the tensile data presented in Table 9 for 0. 5-inch-thick plate from five heats of 18 per
cent nickel maraging steel made by air melting, by air melting plus vacuum degassing,
and by vacuum arc remelting. The differences in properties can be more easily attrib-
uted to variations in composition rather than melting practice.

TABLE 9. TENSILE PROPERTIES OF 0,5-INCH-THICK PLATE OF
18 PER CENT NICKEL MARAGING STEEL PRODUCED
BY DIFFERENT MELTING PRACTICES(4)

e —— T T T . e N —
Yield Strength Tensile Elongation Reduction

Melting 0.2% Offset, Strength, in 1 Inch, in Area,

Heat Practice Direction 1000 psi 1000 psi  per cent  per cent
13371 Air melted Long. 274.7 280.8 7.9 43,5
Trans, 259.3 267.7 8.8 46.7
120D163 Air melted + Long. 257.8 269.6 9.5 45,9
vacuum degassed Trans, 271.0 279.7 8.8 41.4
3888472 Vacuum-arc Long. 277.5 287.7 9.7 42.0
remelted Trans, 273.7 283.0 9.0 40.5
2888473 Vacuum-arc Long. 277.4 286.5 8.2 38.6
remelted Trans, 282.1 293.4 8.8 39.3
07148 Vacuum-arc Long. 291.7 300.8 . 7.5 39.6
remelted Trans. 291.5 301.0 7.2 36.7

Note: Heat treatment: 1500 F 30 minutes, air cooled, 900 F 4 hours.

Compositions:

Heat C Mn P S sl Ni Co Mo Ti Al
13371 0.023 .- 0.003 0,009 0,06 18,65 8.05 4,90 0,52 0.05
120Dp163 0,016 -- 0.005 0,003 0.18 18.60 8,00 4.95 0.48 0,06

3888472 0.019 0,525 0,006 0,003 0,08 18,860 9,10 5,10 0.62 0,07
3888473 0,020 0,03 0.006 0,003 0.07 18,80 8,82 4.8 0,65 0,07
07148 0.018 0.03 0.006 0.003 0,09 18.70 9,30 5,12 0.65 0.39
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The effect of melting practice is examined also in later sections from the view-
point of notched properties and fatigue properties.

While investigating the cause for low ductility in a 4 by 4-3/4-inch 18Ni (300) bil-
let, it was found that the grain size of the billet ranged from Grain Size No. 2 near the
surface to No. 5-6 at the center(18), Results of tensile tests on specimens taken from
various locations in the billet indicated that the grain size had a marked effect on the
ductility. The data were as follows:

Grain Size No. 2 2-3 3-4 4-5 5-7
Elongation, per cent 0 4,4 6.3 6.9 6.3
Reduction in Area, per cent 19.6 29.9 31.5 35.8 40.3

The tensile strength was 288,000 to 294,000 psi and the yield strength was 276,000
to 284,000 psi for the specimens from all the locations. It appears therefore that varia-
tions in the grain size have little if any effect on the unnotched tensile strength and yield
strength but that these variations do have a marked effect on the ductility. Since the
grain size is largely dependent on the degree of hot working and the finishing tempera-
ture, one objective in forging and hot rolling operations is to finish at as low a tempera-
ture as practical in the hot-working range consistent with the required reductions.

COMPRESSIVE, SHEAR, BEARING, AND DYNAMIC
MODULUS PROPERTIES

As shown in Tables 10 and 11, only a few data for compressive, shear, and bear-
ing strength properties for the maraging steels are available and these correspond to
specific tensile-strength levels. In order to estimate the strength parameters at other
tensile-strength levels, the data have been nondimensionalized by dividing each strength
value by the corresponding tensile ultimate or yield strength. Corresponding values for
AISI 4340 steel heat treated to a minimum tensile strength of 260,000 psi are included
in these tables for comparison. A reasonably close relationship between the corre-
sponding ratios for these two types of steel appears to exist.

Dynamic modulus data have been obtained on one heat of 18Ni (250) maraging steel
sheet 1/8 inch thick in various orientations.(11) The sheet was mill annealed at 1500 F
for 1 hour and cooled in air. Data for specimens that were reannealed at 1500 F for
15 minutes, then aged at 900 F for 0.5, 1.5, and 3 hours, are shown graphically in Fig-
ure 10. The various aging times and specimen orientations (as well as aging tempera-
tures and amounts of cold working which were discussed previously) have marked effects
on the modulus values. These variations in modulus may represent a problem to de-
signers in planning large welded structures in which uniform elastic deformation is de-
sired. Nonuniform elastic deformation in two pieces joined by a weld will cause in-
creased stresses at the weld.
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TABLE 10. ROOM-TEMPERATURE STRENG TH RATIOS FOR COMPRESSIVE AND SHEAR STRENGTHS OF 18 PER CENT NICKEL
MARAGING STEELS AGED AT 900 F FOR 3 HOURS AND FOR AIS14340 STEEL AT 260,000-PSI TENSILE STRENGTH

Compressive Yield Strength, psi Shear Strength, psi

Form Grade Direction Tensile Yield Strength, psi Tensile Strength, psi Heat Reference
247, 000 143, 000
Sheet 250 =y, 223,77 = 0,55 —
(250) k 252,000 " +% 262, 000 2
Sheet (260)(2) T .z%g_g%g =1.02 -- 23832 19
Plate (250) L 247,000 4 5.0 143,000 _ , 69 = 1, 20
230, 000 240, 000
T 248,000 _ 1 0 143,000, o 61 N
228,000 236, 000
149, 000
Bar, 1/4" D 50 . 149,000 o - 10
/ {260) L o " 0.56
Bar, 1/4"D  (300) L o 167,000, 4 g5 -- 10
: 302, 000
Bar (300) v L 287,000 o 4 06 163,000, 5 58 06989 21
2172, 000 281, 000
Bar (300) L 289,000 _, ; 46 162,000 , 5 «g 07081 18, 21
2172, 000 282, 000
AISI 4340 = - 1,120 0.57(b) --

(a) This heat has been designated as (250) grade but its properties are more like the (300) grade.
(b) Ratios for AISI 4340 steel, heat treated to 260, 000-psi minimum tensile strength, MIL-HDBK-5, "Strength of Metal
Alrcraft Elements”, March, 1961,

TABLE 11. ROOM-TEMPERATURE STRENGTH RATIOS FOR BEARING STRENGTHS OF 18Ni (300) MARAGING STEEL BAR AGED
AT 900 7 FOR 3 HOURS AND FOR AISI 4340 STEEL AT 260, 000-PSI TENSILE STRENGTH

Heat: 06989 07081 AlSI 4340 Steel

Bearing Strength (e/D = 1.5), psi 391,000 1.39 402,000_ 1.43 1.33
Tensile Strength, psi » 281,000 ~° 282,000 ~° ’

Bearing Strength gem = 2), psi - 500, 000 _ 1.78 513,000 _ 1.82 1.69
Tensile Strength, psi 281,000 282,000 )

Bearing Yield Strength (e/D = 1,5), psi 382,000 1.40 372,000 _ 1.7 1.44
Tensile Yield Strength, psi 272,000 ~° 272,000 ~°° )

Bearing Yield Strength (e/D = 2), psi 474,000 _ 1.76 431,000 _ 1.58 1.59
Tensile Yield Strength, psi 272,000 272,000

References 21 21 MIL-HDBK-5
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EFFECT OF SPECIMEN ORIENTATION AND AGING TIME
ON DYNAMIC MODULUS OF 18Ni (250) MARAGING
STEEL SHEET

Specimens reannealed at 1500 F for 15 minutes, then aged
at 900 F for 1/2, 1-1/2, and 3 hours. Tensile properties
in transverse direction: 250,000 to 264,000 psi yield
strength, 278,000psi tensile strength, and 4.5 to 5.5 per
cent elongationinl inch. Composition: 0.02C, 0.21Si,
0.01Mn, 0.007S, 0.006P, 18.45Ni, 4.65Mo, 7.55Co,
0.51Ti, 0.07Al.
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EFFECT OF TEMPERATURE ON THE SHORT-TIME
MECHANICAL PROPERTIES !

Studies of the mechanical propertics of the 18 per cent nickel maraging steels at g
cryogenic and elevated temperatures have indicated that their usefulness is not limited
to ambient-temperature applications. Typical tensile ?roperties at cryogenic tempera-
tures for the 18Ni (250) alloy are shown in Figure 11.(12) As for most other engineering
alloys, the strength increases as the testing temperature is decreased below room tem-
perature. The ductility and impact properties tend to decrease as the temperature is
decreased. The maraging steels do not have the corrosion resistance (as do stainless
steels, aluminum, and titanium alloys) that is usually desired for cryogenic applica-
tions, but they might be considered for certain applications to =320 F.

The elevated-temperature properties of the maraging steels have b:cn determined
by a number of investigators and those at the INCO Laboratories have developed a modi-~
fied composition with improved properties to 1000 F. The modification in composition,
as well as use of an 1800 F annealing teiaperature, are intended to raise the austenite
reversion temperature - that is, to increase the stability of the martensite. Elevated-
temperature tensile properties of the improved alloy containing 15. 2 per cent nickel and
an alloy within the 18Ni (300) type composition are shown in Table 12. It will be seen
that these alloys have interesting properties for service in the range from room tem-
perature to 1000 F. At 1000 ¥, only a small amount of surface scale forms on these
alloys in an air atmosphere(22),

TABLE 12. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF MARAGING STEEL AS 3/4-INCH-DIAMETER

BAR STOCK
Test Yield Tensile Reduction ]
Temp, Stxength, Strength, Elongation, in Area,
Heat Heat Treatment F 1000 psi 1000 psi per cent per cent Reference
32(8) 1800 F, air cool, 10 281 300 6 23 22
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