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TABLE 7. Recommended heat treatments for tool steels—Continued
CARBURIZING GRADES
} = 4
. Annealing Hardening Tempering
) AISI zormlli:inz guburi:ing
mperature mperature
type Temperature Hardness Temperature Quenching medium Temperature Re of case
DF ﬂF (BHN) OF o °
P1 (s) 1,350/1,6560 81/100 1,650/1,700 1,450/1,475 350/500 64/58
P2 () 1,350/1, 500 103/123 1,650/1,700 1,625/1,550 350/500 64/58
P8 ) 1,850/1, 109/187 1,650/1,700 1,475/1,5626 350/500 64/58
) P4 () 1,600/1, 650 116/128 1,775/1,8256 1,775/1,826 350/500 64/58
Pb (s) 1.550/1 600 105/110 1,650/1,700 1,550/1,600 3560/500 /58
Pé = 1,650/1,600 190/210 1,650/1,700 1,450/1,500 i 350/450 61/58
' P20 1,650 1,400/1,450 150/180 1,600/1,650 1,500/1,600 350/500 64/68
P21 1,650 (CO 2N DR RN RSO i1,300/1,500 i950/1,025 40/30
* Normalizing: ® Preheating not necessary.
0.60 to 0.75% C, 1500 °F; ¢ Do not normalize.
J5 to 90% C, 1450 °F; 4 Do not soak. .
.90 to 1.10% C 1600 °F: * Time at hardening temperature, 2 to § min.
1 10 to l 409% C, 1600 ° to 1700 °F. f Double tempering recommended.
Annealing & Normalizing not required
0.60 to 0.90% C, 1360 ° to 1400 °F *» Do not anneal.
90 to 1.409% C, 1400 ° to 1450 °F. ! Solution treatment.
1 Aging treatment—precipitation hardening steel.
l, TABLE 8. Recommended heat treatments for stainless and heat resisting steels
[ GROUP I. HARDENABLE CHROMIUM STEELS (MARTENSITIC AND MAGNETIC)
4
( AISI Annealing » Hardening ® Stress relieving Tempering
type
) Temperature Hardness Temperature Hardness Temperature Hardness Temperature Hardness
i °F oF - o
1 408 1,560/1,650 76/83 R 1,700/1,850 39/43 R, 450/700 40/37 Re 1,000/1,100 34 R./86 Ra
l 410 1,500/1,650 75/86 Rp 1,700/1,850 39/43 R, 450/700 40/37 R, 1,000/1,400 34 R./86 Rs
414 *1,200/1,300 98 Rs/24 R, 1,800/1,900 42/47 R, 460/700 44/40 R, 1,100/1,300 29 R./99 R
' 416 1,550/1,650 8/83 Rs 1,700/1,850 40/44 R, 450/700 40/37 Re 1.000/1.400 34 R./86 Rp
{416 Se 1,550/1,650 80/90 Rp 1,700/1,860 89/43 R. 450/700 40/37 R, 1,000/1,400 34 R./86 Rs
l 420 1,560/1,660 81/89 R 1,800/1, /56
;481 *1,160/1,226 97 Rp/24 Re 1,
440 A 1,626/1,676 91/95 Rp 1,
+ 0B 1,626/1,676 94/98 Rp 1,
40C 1,625/1,675 95/99 Rs 1
601 1,626/1,600 80/90 R 1
502 1,626/1,600 72/80 R

GROUP 1I. NONHARDENABLE CHROMIUM STEELS

(FERRITIC AND MAGNETIC)

Annealing ¢
AISI
type Hardness,
Temperature Rs
°F

406 1,850/1,500 70/80
430 1,400/1, 80/90
430 F 1,850/1,500 80/90
430 F Se 1,350/1,500 80/90
442 1,800 80/90
446 1,450/1,600 80/90

2 Cool slowly to 1,100

b Although these steels harden appreciably on air cooling, quenching in oil is preferable.

¢ Full annealing impractical; may be air cooled from indicated temperature.

:genenllly used in annealed condition only.
ir cool

f Cooling my be in air or by quenching in water. The resultant hardness of all of these steels will be in the range of approximately
Rockwell B 80 to 9

°F.

GROUP I11.
CHR!

NONHARDENABLE CHROMIUM-NICKEL AND
OMIUM-NICKEL-MANGANESE STEELS

(AUSTENITIC AND NONMAGNETIC)

AISI Annealing AISI Annealing
type temperature f type temperature !
o OF

201 1,850/2,050 | 309 1,960/2,050
202 1.850/2.060 | 809 S 1,900/2,050
301 1,850/2,050 | 310 1, 2,100
302 1,860/2,0560 | 310 S 1 900/2 100
302 B 1,850/2,060 { 314 2,100
303 1,850/2,050 | 816 1,860/2,050
803 Se 1,860/2,0560 | 816 L ¢ 1,860/2,050
304 1,850/2,050 | 817 l‘.850/2.050
304 L 1,860/2,060 | 321 1,760/2,050
305 1,850/2,050 | 347 1,860/2,050
308 1,860/2,060 | 848 1,850/2,050
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The stainless steels may be divided into three
general groups as follows:

a. Group I—Hardenable Chromium Steels (Macrtensitic
and Magnetic)

These steels respond to heat treatment in a
manner similar to most lower alloy steels and
will, by suitable thermal treatment, develop a
wide range of mechanical properties. The
tempering range of 700.° to 1000 °F. should be
avoided because it is conducive to temper
brittleness.

b. Group II—Nonhardenable Chromium Steels (Ferritic
~ and Magnetic)

These steels are essentially nonhardenable by
heat treatment. They develop their maximum
softness, ductility and corrosion resistance in
the annealed condition. \
¢. Group IIl—Nonhardenable Chromium-Nickel and

Chromium-Nickel-Manganese Steels (Austenitic and
Nonmagnetic)

These steels are essentially nonmagnetic and -

cannot be hardened by heat treatment. Cold
working develops a wide range of mechanical
properties and some of these steels, in the
severely cold worked condition, may become
slightly magnetic. They are annealed by
rapidly cooling (air or water) from high tem-
peratures to develop maximum softness and
ductility as well as corrosion resistance,

Recommended heat treatments for the steels
listed in table 4 are given in table 8.

11. Properties and Uses of Steels
11.1. Structural Steels

The strength properties of heat treated
(quenched and tempered) structural carbon
and alloy steels are closely related to their
hardness and are surprisingly similar for a se-
lected hardness provided that the steels origi-
nally were hardened throughout their cross
sections. The relations of tensile strength,
yield strength, elongation, and reduction of
area to hardness are shown in figure 27. The
tempering temperatures necessary to secure
certain hardness levels in steels are affected by
alloying elements, and two different steels may
have to be tempered at two different temper-

atures to secure the same hardness. When -

this has been accomplished, however, the
strength and ductility of the two steels will be
quite similar. It must be emphasized that
these relationships are valid only if the heat
treated structures are tempered martensite. A
steel that has been incompletely hardened (that
is, quenched at too slow a rate to prevent the
formation of some fine pearlite) may have,
after tempering, a hardness and tensile
strength equal to that of a completely hardened
and tempered steel, but its yield strength and
ductility will be inferior.
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tural steels. .
Valid only for steels originally hardensd throughout and then tempered. |

Although drawn as lines, the relationship between these properties is not
exact, and some deviations may be expected.

The modulus of elasticity of steel is _the same .
as that of iron (about 29,000,000 Ib/in.?). It
is not affected by heat treatment or by the ad- !
dition of alloying elements. Since stiffness, or
the resistance to deformation under load, is a
function of the modulus of elasticity, it follows
that the stiffness of steel cannot be changed by
heat treatment or by alloying elements, pro-
vided that the total stress is below the elastic
limit of the steel in question. Either heat
treatment or alloying elements can raise the
elastic limit and thus apparently improve the

 stiffness in that higher allowable unit stresses

may be imposed on the steel.
a. Plain Carbon Structural Steels

The plain carbon steels are the least costly -
and may be used for a variety of purposes.
The lower carbon grades (up to about 0.25% of
carbon), frequently termed machinery steels,
are used in the hot- and cold-worked conditions
and for carburizing.Except when carburized,
they are not very responsive to hardening by
heat treatment because of the low carbon con-
tent. The medium carbon steels (about 0.30 to
0.60%) are the forging grades and are com-
monly used in the heat-treated condition. The
htieg}ier carbon grades are the spring and tool
steels.
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Carbon steels are essentially shallow-hard-
ening, usually requiring a water or brine
| quench, although very small sections may be
successfully hardened in oil. Even with the
most drastic quench, they cannot be hardened
throughout even in moderate (about 34-in.)
cross sections. Large cross sections (about
4 in.) cannot be fully hardened even on the
surface except by induction or flame hardening.

b. Alloy Structural Steels

From the viewpoint of heat treatment, the
advantages accruing from the use of alloy
steels are threefold: (a) Increased hardenabil-
ity, (b) retention of fine-grained austenite,
and (c) retardation of softening during
tempering. '

All of the alloying elements commonly used '

in structural alloy steels are effective to vary-
ing degrees in displacing the S-curve to the
right as compared with plain carbon steels of
similar carbon contents. Consequently, they
can be hardened throughout in larger sections
and, generally, by means of a milder quenching
medium, such as oil. Because of the slower
rates of quenching that can be employed in

hardening these steels, they are less likely to -

distort or crack during hardening than the
plain carbon steels.

The hardenq.bility of alloy steels varies
widely, depending on the composition. Cer-
tain elements and combinations of elements are
very effective in increasing hardenability. Of
the five alloying elements most generally used,
and within the amounts normally present in
the structural steels, nickel enhances harden-
ability but mildly, vanadium, chromium, man-
ganese, and molybdenum moderately to
strongly, depending upon the amount of alloy
dissolved in the austenite at the hardening tem-
perature. Combinations of chromium, nickel,
and molybdenum, such as are present in the
4300 series (table 1), result in very deep hara-
ening steels.

The alloy elements that form stable carbides,
principally vanadium and molybdenum (and
chromium to a lesser degree), are very effec-
tive in inhibiting grain growth in austenite.
These steels may be overheated to a consider-
able degree during heating for hardening with-
out suffering grain growth. This is desirable
since martensite formed from fine-grained
austenite is tougher than that formed from
coarse-grained austenite.

Alloying elements, particularly those that
form the more stable carbides, tend to retard
the softening effects of tempering so that alloy
Steels must frequently be tempered at higher
temperatures than carbon steels in order to
Secure the same hardness. This is beneficial
In conferring increased toughness, ‘i.e., resist-
ance to shock.

It is pertinent to note that manganese and
nickel lower the annealing and hardening tem-
peratures, and that chromium, molybdenum,
and vanadium raise these temperatures. Com-
binations of these alloys may therefore, raise,
lower or have no effect on the heat-treating
temperatures, depending on the combinations
of elements and their amounts.

The low carbon (up to about 0.25% of car-
bon) alloy steels are used mainly as carburiz-
ing steels. The medium carbon (about 0.30
to 0.60% of carbon) alloy steels find wide use
as stressed members in an almost infinite vari-
ety of structural parts. Although some of
these alloy steels containing high carbon are
used for certain special applications, the maxi-
mum amount of carbon present in the alloy
structural steels in generally about 0.5 percent.

11.2. Tool Steels

Practical experience has shown that in a
majority of instances the choice of a tool steel
is not limited to a single type or even to a par-
ticular family for a working’ solution to an
individual tooling problem. It is desirable to
select the steel that will give the most economi-
cal overall performance; the tool life obtained
with each steel under consideration should be
judged by weighing such factors as expected
productivity, ease of fabrication, and cost.

Hardness, strength, toughness, wear resist-
ance, and resistance to softening by heat are
prime factors that must be considered in select-
ing tool steel for general applications. Many
other factors must be considered in individual
applications; they include permissible distor-
tion in hardening, permissible decarburization,
hardenability, resistance to heat checking, ma-
chinability, grindability, and heat treating
requirements,

The straight carbon tool steels can be used
for a variety of purposes, depending upon the
carbon content and heat treatment. The lower
carbon ranges are used for tools where tough-
ness and resistance to shock are of primary
importance; these steels are usually tempered
at temperatures of 500 to 700 °F or even
higher. The higher carbon ranges are used
where the main requirements are hardness, re-
sistance to abrasion, or ability to hold a keen

‘edge; these steels are usually tempered at tem-

peratures of 300 to 500 °F.

An addition of 0.20 to 0.50 percent of chro-
mium or of vanadium is frequently made to the
carbon tool steels. The chromium-bearing car-
bon steels have a greater depth of hardening
and are slightly more wear-resistant than the
chromium-free steels of the same carbon con-
tent. Vanadium decreases slightly the depth
of hardening but increases toughness. (This
may appear contradictory to previous state-
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ments that alloying elements increase harden-

ability. In the case of the carbon-vanadium
tool steels, the normal hardening temperatures
are too low to allow the solution of vanadium
carbide in the austenite. The presence of un-
dissolved carbides decreases hardenability).

The cutting ability, or the ability to hold an
edge, is closely related to the hardness. For
most purposes, therefore, cutting tools are used
in a highly hardened condition. Excessive
heat, whether caused by heavy cutting or care-
less grinding, will “draw the temper” (that is,
decrease the hardness) and ruin the tool, neces-
sitating rehardening and retempering. Since
hardened carbon steels soften rapidly under the
influence of heat, the carbon steels cannot be used
as cutting tools under conditions where an ap-
preciable amount of heat is generated at the
cutting edge. Their uses are limited to condi-
tions entailing light cuts on relatively soft
materials, such as brass, aluminum, and un-
hardened low carbon steels.

The ranges for the carbon content and some
typical applications of carbon tool steels are
as follows:

0.60 to 0.75 percent of carbon—Hot forming
or heading dies for short runs, machinery
parts, hammers (sledges and pinch bars), con-
crete breakers and rivet sets.

0.75 to 0.90 percent of carbon—Hot and cold
sets, chisels, dies, shear blades, mining drill
steel, smiths’ tools, set hammers, swages, and
flatteners.

0.90 to 1.10 percent of carbon—Hand chisels,
small shear blades, large taps, granite drills,
trimming dies, drills, cutters, slotting and mill-
ing tools, mill picks, circular cutters, threading
dies, cold header dies, jewelers’ cold striking
dies, blanking, forming and drawing dies, and
punches.

1.10 to 1.40 percent of carbon—Small cutters,
small taps, drills, reamers, slotting and plan-
ing tools, wood-cutting tools, turning tools, and
razors.

Suitable tempering temperatures for carbon
tool steels are as follows:

300 to 3756 °F—Lathe tools and milling cut-
ters, scrapers, drawing mandrels, dies, bone-
cutting tools, engraving tools, gages, and
threading dies. .

375 to 500 °F—Hand taps and dies, han
reamers, drills, bits, cutting dies, pen knives,
milling cutters, chasers, press dies for blanking
and forming rock drills, dental and surgical
instruments, hammer faces, wood-carving tools,
shear blades, and hack saws.

500 to 700 °F—Bending dies, shear blades,
chuck jaws, forging dies, tools for wood cut-
ting, hammers and drop dies, axes, cold chisels,
coppersmith tools, screwdrivers, molding and
planing tools, hack saws, butcher knives, and
saws.
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The high-speed steels are intended for use
under heavy cutting conditions where consid-
erable heat is generated. These steels are very
complex, containing large amounts of alloying
elements. The high-speed steels, which harden
from a very high temperature (2,150 to
2,400 °F), develop what is termed “secondary
hardness” after tempering at about 1,050 to
1,100 °F and maintain their cufting edge at
considerably higher temperatures than do car-
bon tool steels. '

Dies, depending on their use, can be made
of a variety of steels. When intended for use
at low temperatures, even carbon steel may be
satisfactory sometimes. For use at elevated
temperatures, certain minimum amounts of al-
loying elements are necessary and for the
higher ranges of hot-working temperatures,"
steels of the high-speed steel type are fre-
quently used.

The manufacture of dies usually involves
such considerable expense in machining that
cost of material and heat treatment form but
a relatively small proportion of the total. It
is imperative, therefore, that die steels be se-
lected carefully and properly heat treated.
The so-called “nondeforming” tool steels (type
0). are favorites for dies that are not required
to operate at elevated temperatures. These
steels usually contain about 0.9 percent of car-
bon and 1.2 percent to 1.6 percent of manga-
nese. With the lower manganese content they
also contain about 0.5 percent each of chro-
mium and tungsten. The expansion of these
steels during hardening is much less than is
experienced with carbon steels, and the shrink-
age that occurs during the initial stage of
tempering is almost sufficient to return the
steel to its original size when it has been tem-

" pered at the proper temperature.

The high carbon-high chromium steels (type
D) are frequently used for dies. This type
contains about 12 percent of chromium and 1.5
or 2.2 percent of carbon, the lower carbon steel
being air hardening. These steels also are non-
deforming, are more resistant to wear, and
may be used at higher temperatures than the
manganese nondeforming steels. They have
the disadvantage of requiring higher hardening
temperatures (about 1,800 °F).

11.3. Stainless and Heat Resisting Steels

Steels for high-temperature service must
resist scaling and have high creep strength,
that is, resistance to deformation under pro-
longed stress at elevated temperatures. Re-
sistance to scaling is aided by the presence of
chromium, aluminum, or silicon, and heat-
resistant steels invariably contain one or more
of these elements. Resistance to creep is aided
by elements that form stable carbides, such as
tungsten, vanadium, molybdenum, and chro-
mium. ‘
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The stainless steels, often called corrosion-
resistant steels, contain appreciable amounts of
chromium (12% or more), either with or with-

‘out other elements, the most important of

which is nickel. The heat-resistant and cor-
rosion-resistant steels all belong to the same
family, the terminology frequently being dic-
tated by the temperature of use. By common
consent, this dividing temperature is taken at
about 1200 °F.

The three general groups of stainless steels
haﬁ'e markedly different characteristics, as
follows:

1. Group I—Hardenable Chromium Steels (Martensitic
and Magnetic)

The significant characteristic of these is that
the steels respond to heat treatment in a man-
ner similar to most lower alloy steels. The
steels possess a pearlitic structure on slow cool-
ing and a martensitic (hardened) structure on
rapid cooling from within the austenitic field,
The chromium content varies from about 12 to
18 percent and the carbon content from less
than 0.1 to over 1.0 percent; the higher chro-
mium content demands the higher carbon.

The mechanical properties of this group of
steels are markedly improved by heat treat-
ment and heat treatment is essential to realize
their corrosion-resistant properties. The only
exceptions are the low carbon, low chromium
steels (types 403, 410, 416) which are cor-
rosion resistant in the annealed condition,
although heat treatment .decidedly improves
mechanical properties.

Finishing of the martensitic steels has an
important effect on corrosion resistance, since
maximum corrosion resistance is obtained only
with highly finished surfaces. Grinding shouid

done carefully, using a sharp wheel, light
cuts, and plenty of coolant. "Grinding burrs
and .embedded scale serve as focal points for
corrosion.

As a group, the martensitic steels resist
many types of corrosive environments, includ-
ing the atmosphere, fresh water, mine water,
steam, food acids, carbonic acid, crude oil, gas-
oline, blood, perspiration, ammonia, and
sterilizing solutions. '

Type 410 is a general purpose steel suitable
Or numerous applications where severe cor-
rosion is not a problem. Types 416 and 416L
are free-machining varieties of type 410. . The
higher hardness of type 420 makes it suitable
for such uses as cutlery, surgical instruments,
valves, ball bearings, magnets, etc. Type 420F
18 its free-machining counterpart. Where still
greater hardness is required, type 440A, B, or

may be used; the last is the hardest of all the
stainless steels. Types 420 and 440 should be
used only in the hardened and stress-relieved
conditions. Type 431 is a structural steel ca-

pable of being used in the strength range of
200,000 psi.

b. Group II—Nonhardenable Chromium Steels (Ferritic
and Magnetic)

The distinguishing characteristic of this
group is that these steels are ferritic at all
temperatures and, therefore, incapable of being
hardened by heat treatment. They can, how-
ever, be strengthened by cold working.

‘The ferritic steels develop coarse grained
structures when subjected to temperatures
above 1650 °F for varying lengths of time.
This grain growth, frequently objectionable

‘because of coricomitant brittleness, cannot be

eliminated by heat treatment alone. It can be
corrected to some extent by cold working, fol-
lowed by annealing.

The ferritic steels have lower strength at
elevated temperatures than the martensitic
steels, but resistance to scaling and corrosion
is generally better. As a class, the ferritic
stainless steels resist corrosion from food prod-
ucts, organic acids, salt water, nitric acid,
many fused salts and molten nonferrous
metals. .

Type 430 finds extensive use in automobile
trim, chemical equipment, food containers, and
furnace parts. If ease of machining is im-
portant, type 430F or 430F Se may be substi-
tuted. Where greater resistance to corrosion
or oxidation is required, type 446 may be used.

¢. Group III—Nonhardenable Chromium-Nickel and
Chromium-Nickel-Manganese Steels (Austenitic and
Nonmagnetic)

The steels in this group are austenitic at
room temperature and, hence, both nonhard-
enable by heat treatment and nonmagnetic.
They can, however, be strengthened appreci-
ably by cold work. Depending upon the
amount of cold work, the tensile strength
varies from about 80,000 psi for fully annealed
material to as high as 300,000 psi for severely
work hardened steel; the highest strengths can
be secured only with small cross sections. A
stress-relieving treatment of about 1 hr at 750
to 800 °F after severe cold working improves
elastic properties without any adverse effect
upon ductility. Cold work causes partial trans-
formation of austenite to ferrite, with conse-
quent appearance of magnetism, in some of
these steels.

The austenitic steels have excellent cold-
forming properties and are extremely tough
and ductile, even at low temperatures. Their
toughness makes machining of all but the free-
machining varieties difficult.

As a group, the austenitic steels are the most
corrosion resistant of all the stainless steels.
They have excellent resistance to acetic, nitrie,
and citric acids (liquid), foodstuffs, sterilizing
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solutions, most of the organic chemicals and
dyestuffs, and a wide variety of inorganic
chemicals. Typical applications are for out-
door trim, kitchen equipment, dairy utensils,
soda fountains, and light weight transportation
such as aircraft. .

This group of steels should not be discussed
without some mention of intergranular embrit-
tlement. If maintained in the temperature
range of about 800 to 1,400 °F, or if slowly
cooled through this range after annealing, some
of these steels precipitate carbides at the grain
boundaries. This is not deleterious unless the
steel is either simultaneously or subsequently
exposed to acidified corrosive conditions, caus-
ing intergranular corrosion. When this occurs,
the steels lose their metallic ring and become
quite brittle. :

Type 302, with its higher carbon content,
is more prone to carbide precipitation than is
ggi’L which in turn is more susceptible than

Prolonged exposure of these steels at temper-
atures within the range of 1000 to near
1600 °F may also promote the formation of a
sigma-phase constituent, resulting in increased
hardness and decreased ductility, notch tough-

ness and corrosion resistance.

Type 301, because of its lower alloy content,
is quite susceptible to work hardening and is
used largely in the cold rolled or cold drawn
form of sheet, strip, and wire. Types 201 and
202 are similar to types 801 and 302 in prop-
erties. The former were developed primarily
to conserve nickel.

Types 305, 308, 309, and 310 contain pro-
gressively higher amounts of chromium and
nickel and are, therefore, superior to the lower
alloy steels in corrosion and heat resistance.

Types 316 and 317 contain molybdenum.
The incorporation of this element increases
resistance to corrosion, particularly of the “pit-
ting” type.

Types 321 and 347 were developed specifi-
cally to resist intergranular corrosion. This
property of the titanium-bearing steel (type
321) is generally enhanced by a stabilizing
heat treatment. This treatment is not particu-
larly necessary for the niobium-bearing steels
(types 347 and 348).

d. Precipitation-Hardenable Stainless Steels

The precipitation-hardenable stainless steels
constitute a group of proprietary steels for
which standard specifications have not been
published by AISI. They may be grouped into
three types; martensitic, semi-austenitic and
austenitic. These steels are of increasing com-
mercial importance because they can be
strengthened by heat treatment after fabrica-
tion without resorting to very high tempera-
tures or rapid quenches. They possess prop-
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erties that make them particularly useful for
structural parts and jet-engine components in
high-performance aircraft as well as many
non-military applications. Desirable charac-
teristics include ease in hot working, machin-
ing, forming, and joining. High strength can
be obtained by relatively-low elevated-temper-
ature aging treatments or by refrigeration
plus aging treatments. Ultrahigh strengths
can be produced by a combination of cold work-
ing and aging. These steels usually possess
good properties at ambient and moderately ele-
vated temperatures (temperatures below those
of the aging treatments) along with good cor-
rosion and oxidation resistance. The austenitic
types also retain very good impact properties
at subzero temperatures.

Martensitic Types—The martensitic types-
are austenitic at annealing temperatures but
transform to martensite of fairly low hardness
on cooling to room temperature, either by air
cooling, or by oil or water quenching. Ele-
ments contributing to the precipitation-harden-
ing phases remain in supersaturated solid-solu-
tion in the steels on cooling. Precipitation
occurs on the subsequent aging of the steels
within the temperature range of 800 to 1100 °F
(Figure 28). The martensitic matrix is also
tempered by the aging treatment. The cooling
method, aging temperatures and times at tem-
perature depend upon the specific composition
of the steel. Manufacturer’s literature should
be consulted for specific recommendations.

The ductility and impact strength of these
hardened martensitic steels are relatively low
compared to those of either the semi-austenitic
or austenitic types. Increasing the aging tem-
perature raises the ductility and impact
strength with an accompanying loss in the
yield and tensile strengths. These steels, in
the annealed condition, lack formability as
compared with that of the semi-austenitic or
austenitic types of precipitation-hardenable
stainless steels.

Semi-Austenitic Types—The semi-austenitic
steels are austenitic as annealed within the
temperature range of 1850 to 1950 °F and air
cooled to room temperature (large sections
may be water quenched). They are normally
supplied by the mill in the annealed condition
or in an annealed plus severe cold-worked con-
dition. By careful control of composition and
annealing treatment, an austenite can be pro-
duced which has a stability intermediate be-
tween that of the martensitic and austenitic
types of precipitation-hardenable stainless
steels. These steels are readily amenable

to forming operations after the annealing
treatment.

Some represéntative heat treatments for

these steels are shown in figure 28. The series
of treatments (temperatures and times at tem-
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MARTENSITIC TYPES

Anneal 1850-1950 °F
Air cool

Anneal 1900 °F
Oil or water quench

I

900-1150 °F, Y2—4 hr
Air cool

900-1100 °F, 1 hr
Air cool

SEMI-AUSTENITIC TYPES

Anneal 1875-1950 °F
Air cool

1375-1400 °F, 1%2-3 hr
Air cool to 60 °F

1710-1750 °F, 10 min ®
Air cool to 60 °F

I - |

Severe cold work
at mill

I I

850-1100 °F, 1%2-3 hr
Air cool

—~ 100 °F, 3-8 hr

850-900 °F, 1-3 hr

Air cool
850-1100 °F, 1-3 hr Cold work
Air cool .
850 °F, 3 hr
Air cool

AUSTENITIC TYPES

Anneal 1650, 1800,
or 2050 °F
Oil quench

I

Anneol 2050 °F
Water quench

1350 °F, 16 hr
Air cool

1300 °F, 24 hr
Water quench

1300 °F, 12 hr
Water quench

l

1200 °F, 24 hr
Water quench

FIGURE 28. Heat treating ranges(®) for precipitation-hardenable stainless steels.

(a) Ranges of temperatures, heating periods and cooling rates (quenching mediums) shown include those for several commercial steels.
Heat treatment procedures and val d d h f th ifi

upon the
Jin the annealed (solution-treatd) condition by the mills.
in the annealed (solution-treated) condition by the mills.

perature) to be followed depend upon the spe-

. cific composition of the steel and the desired

final properties. After the forming operations,
these steels are usually given a destabilizing
treatment at temperature ranges of 1875 to

? 1400 °F or 1710 to 1750 °F in which some of

the carbon is rejected from the solid solution
as a carbide. This facilitates the transforma-
tlon. of the austenite to martensite during the
cooling to 60 °F or —100 °F and results in a
strengthening of the matrix. However, the
final high strengths of these steels are obtained
by the subsequent aging treatments at temper-
atures ranging form 850 to 1100 °F. The
aging treatments temper the martensite and

tion o e 8p

steel selected. These steels are generally provided

increase the strength of the steels by precipita-
tion of solute elements from solid solution as
hardening phases (usually nickel-aluminum
compounds). Cold working of the steel fol-
lowing the transformation of the austenite to
martensite and prior to the aging treatment
produces very high strengths.

If these semi-austenitic steels are severely
cold-worked (usually at the mill) following the
annealing treatment most of the austenite is
transformed to martensite by the cold work-
ing. Then no destabilizing treatment is needed
prior to the aging treatment which produces
very high strengths. However, the retained
ductility is usually very low.
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These initially semi-austenitic steels through
the hardening and aging treatments develop
the highest room-témperature tensile proper-
ties (tensile strengths up to nearly 300,000
psi) of the three types of precipitation-harden-
able stainless steels. Manufacturer’s literature
should be consulted for heat treatment proce-
dures as they depend very strongly on the
specific composition of the steel and its in-
tended use.

Austenitic Types—The austenitic steels are
austenitic in both the annealed and hardened
conditions. They are normally supplied by the
mill in the annealed condition. Annealing
temperatures (Figure 28) vary from 1650 to

2050 °F, depending upon. the composition of .

the steel. The steels are cooled rapidly from
the annealing temperatures either by oil or
water quenching. These steels are subjected
to the forming or cold working operations
prior to hardening. The hardening treatment
(Figure 28) consists of aging within the tem-
perature range of 1200 to 1400 °F which pre-
cipitates carbides and other hardening phases.
Cold working of these steels prior to aging
increases the strength with the properties
depending upon both the degree of cold-work-
ing and the aging treatment. As the heat
treatment procedure for these steels depends
upon the composition of the steel and its in-

tended use, the manufacturer’s literature

should be consulted for details of chemical com-
position, recommended annealing and aging
treatments, and typical properties and uses.

In general the austenitic steels have lower
room-temperature properties than either the
martensitic or semi-austenitic types. How-
ever, they retain very good tensile and impact
properties at subzero temperatures. More-
over, they retain befter tensile, creep and rup-
ture properties at temperatures up to their
aging temperatures than the other two types
of precipitation-hardenable stainless steels.

11.4. Nickel Maraging Steels

A series of high-strength iron-base alloys of
very low carbon content (0.03%) with yield
strengths of 250,000 psi or greater in combina-
tion with excellent fracture toughness have
been developed in recent years. These are the
nickel maraging steels which do not require
rapid quenching, as the hardening and
strengthening are obtained by an iron-nickel
martensite transformation and an age-harden-
ing reaction. The iron-nickel martensite is
only moderately hard (approximately Rockwell
C 25) and very tough compared to that of un-
tempered carbon steel martensites, The trans-
formation of austenite to martensite is not
sensitive to cooling rates. Thus rapid quench-
ing is not required and section-size effects are

_ small. No significant tempering occurs upon
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the reheating of the iron-nickel martensite,
Moreover, no appreciable reversion of martens.
ite to austenite occurs during the reheating of
the steel for the aging reaction (precipitation
of intermetallic compounds* in the presence of
suitable alloying elements). '

The maraging steels are proprietary steels
for which standard specifications have not been
published by AISI. Four grades are commer-
cially available: 25 Ni (26% Ni, 1.3-1.6% Ti);
20 Ni (20% Ni, 1.8-1.6% Ti); 18 Ni (17-19%
Ni, 7-9.5% Co, 3-5% Mo, and 0.2-0.8%Ti); and
12 Ni (9-15% Ni, 8-6% Cr, 2-4% Mo, and
0.08-0.55% Ti). All of these steels contain ap-
preciable amounts of aluminum. The 25 Ni
and 20 Ni grades have a niobium content of
0.30 to 0.50%.

The maraging steels can be heat treated in
conventional furnaces without protective atmo.
spheres. They can be formed or machined tc
final dimensions in the annealed condition anc
will retain close tolerances during the aging
treatment. Oxidation during aging is usually
insignificant. Heat treating ranges are showr
in figure 29. As the heat treatment proce
dures depend upon the specific composition o:
the steel, the manufacturer’s literature shoulc
be consulted for the chemical composition anc
r:colmmended heat treatment of the selectec
steel.

2. 25 Ni Maraging Steel

The 25 Ni steels remain austenitic upon ai
cooling to room temperature after annealin;
(solution-anneal) at 1500 °F. The steels i
this condition are relatively soft and readil
fabricated. As indicated in figure 29, two prc
cedures are available for conditioning the steel
for transformation to martensite. The steel
may be given an aging treatment at 1300 °]
which reduces the stability of the austenit
presumably by precipitation of nickel-titaniur
compounds in the austenite. This raises th
martensite transformation temperature so the
the austenite will transform to martensite 6
cooling to room temperature. In the othe
procedure, the martensitic transformation ca
be induced by cold working the annealed stee
to a reduction of 25% or more. After eith
treatment, cooling at —100 °F for sever
hours secures complete transformation. Ft
strength properties (250,000-270,000 psi yie
strength) are then obtained by the agir
treatment at 900 °F for 1 to 3 hours.

b. 20 Ni Maraging Steel

The annealed 20 Ni steels have a martensit
transformation temperature above room tel
perature and hence they transform to marter

* Currently, there is & question. as to whether or not order
occurs during the aging treatment and contributes to the streng
ening of the steel.
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25 Ni MARAGING STEEL

Anneal 1500 °F,, | by per in. thickness
Air cool
{

( 1300 °F, 4 hr

Air cool

— 100 °F, Several hours

900 °F, 1-3 hr
Air cool

20 Ni MARAGING STEEL

Anneal 1500 °F, 1 hr per in. thickness
Air cool

Cold work, 25%

l Cold work, 50% ,

~100 °F, Several hours (%

900 °F, 1-3 hr
Air cool

18 Ni MARAGING STEEL

Anneal 1500 °F, 1 hr per in. thickness
Air cool

—

Cold work, 50%

900 °F, 1-3 hr
Air cool

12 Ni MARAGING STEEL

Anneal 1500 °F, | hr per in. thickness
Air cool

800~1000 °F, 1-6 hrs
Air cool

Ficure 29, Heat treating ranges for Ni maraging steelg

() Usually recommended, but may be omitted.

ite upon cooling to room temperature from the

annealing or hot working temperatures (figure
Befrigeration at —100 °F for several

the annealing and prior to refrigeration at
—100 °F and subsequent aging,

¢ 18 Ni Maraging Steel

The heat treatment procedures for the 18 Nj
steels are the same as those for the 20 Nj steels
except that refrigeration of the steels is not
hecessary; the complete transformation of the
austenite to martensite occurs during air cool-

For the highest
strength properties (vield strength of 300,000
0 310,000 psi) the steels are cold worked to
reductions of 50% or more following the anneal-
ing and prior to the aging treatment,

d. 12 Ni Maraging Steel

The 12 Ni steels combine intermediate
strengths (150,000-215,000 psi yield strength)
with good ductility and high toughness ag
measured by Charpy V-notch impact resistance
at room temperature. These steels usually re-
tain good impact resistance at subzero temper-
atures down to —100 °F. The heat treating
procedures are indicated in figure 29. They
are very similar to those for the higher
strength 18 Ni steels,

In preparing this monograph, the authors
have drawn liberally from the field of common
owledge and published information, espe-
cially from the Metals Handbook, published by
the American Society for Metals, and the Steel
Product N_[anuals of the American Iron and

manufacturers of steels and of equipment related to
heat treating have available excellent pamphlets and
books.

American Foundrymen’s Society, The cast metals
handbook, Am. Foundrymen’s Soc., Chicago, III, (1957)
316 pages,

American Iron and Steel Institute Steel Products

Manuals, as follows: Carbon steel: Semi-finished for
forging; Hot rolled and cold finished bars; Hot rolled
deformed concrete reinforcing bars, May 1964; Alloy
steel : Semi-finished; hot rolled and cold finished bars,
Feb. 1964; Tool steels, Apr. 1963; Stainless and heat
resisting steels, Apr. 1963; Alloy steel wire, Aug. 1958
Wire and rods, carbon steel, Dec. 1963, American Iron
and Steel Inst. New York, N.Y.
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American Society for Metals, Metals handbook
11948) and Vol. 1 and 2 (1961 and 1964, respectively),
m. Soc. Metals, Metals Park, Ohio. .

Edgar C. Bain, Functions of the alloying elements in
steel, Am. Soc. Metals, Metals Park, Ohio (1939) 312

pages.

R. M. Brick and Arthur Phillips, Structure and prop-
erties of alloys (McGraw-Hill Book Co., Inc., New
York, N.Y., 1949) 486 Xages. .

Malcolm S. Burton, Applied metallurgy for engineers
(McGraw-Hill Book Co., Inc.,, New York, N.Y., 1956)
407 pages. .

J. M. Camp and C. B, Francis, The making, shaping
and treating of steel, 7th edition U.S. Steel Corp., Pitts-
burgh, Pa. (1967) 1048 pages. .

alter Crafts and John L. Lamont, Hardenability
and steel selection (Pitman and Sons, New York, N.Y,,
1949) 279 pages.

John C. Everhart, et al., Mechanical properties of
metals and alloys, NBS Circ. C447 (1943) 481 pages.

J. P. Gill, et al., Tool steels, Am. Soc. Metals, Metals
Park, Ohio (1944) 577 pages.

M. A. Grossmann, Princisles of heat treatment, Am.
Soc. Metals, Metals Park, Ohio (1953) 303 pages.

A. W. Grosvenor, Editor, Basic metallurgy, Vol. 1,
Am. Soc. Metals, Metals Park, Ohio (1954) 697 pages.

J. H. Hollomon and L. D. Jaffe, Ferrous metallurgi-
cal design (John Wiley and Sons, Inc., New York, N.Y,,
1947) 346 pages.
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Samuel L. Hoyt, Metal Data (Reinhold Publishing
Corp., New York, N.Y., 1952) 526 pages.

Carl A. Keyser, Basic engineering metallurgy, 24
edition (Prentice-Hall, Inc., Englewood Cliffs, N.J,,
1959) 507 pages.

Frank R. Palmer and George V. Luerssen, Tool steel
gi&mliﬁed, Carpenter Steel Co., Reading, Pa. (1948)

pages.

G. AgeRoberts, J. C. Hamaker Jr. and A, R. Johnson,
Tool steels, 3rd edition, Am. Soc. Metals, Metals Park,
Ohio (1962) 780 pages.

George Sachs and Kent Van Horn, Practical metal-
lurgy, Am. Soc. Metals, Metals Park, Ohio (1940) 567
pages. )

Carl H. Samans, Engineering metals and their alloys,
(Macmillan Co., New York, N.Y., 1949) 913 pages

Bradley Stoughton, Allison Butts, and Ardrey M.
Bounds, Engineering metallurgy (McGraw-Hill Book
Co., Inc., New York, N.Y., 1953) 479 pages.

E. J. Teichert, Ferrous Metallurgy, vol. I—Introduc-

tion to ferrous metallurgy, 484 pages; vol. II—The
manufacture and fabrication of steel, 487 pages; vol.
III—Metallography and heat treatment of steel, 577
pages (McGraw-Hill Book Co., Inc,, New York, N.Y,,
1944).
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