April 1992 (revision)

Author William D. Klopp

11

1.2

1.3
1.3.1

14
14.1

1.5
1.5.1

General

H-11 Mod is a martensitic hot work die steel which can
be heat treated to ultimate strengths up to 300 ksi. It
contains chromium, molybdenum, and vanadium to
promote hardenability. The alloy is hardened by an
austenitizing heat treatment followed by air cooling or
oil quenching. Double or triple tempering is employed
to achieve the best combinations of strength and tough-
ness. Ultimate tensile strengths of 200 to 300 ksi are
developed by appropriate tempering treatments and
high strength is maintained at elevated temperatures.
H-11 Mod has excellent thermal shock resistance, hot
hardness, hot abrasion resistance, and good fatigue
properties. The steel has good formability and machin-
ability in the annealed condition, is readily welded, and
exhibits little distortion when heat treated. However,
the fracture toughness is low and at yield strength
levels above 200 ksi care should be taken to avoid small
defects if used in critical applications. Concern about
the stress corrosion resistance of H-11 Mod fasteners
has led to a decrease in use of the alloy in some critical
aerospace applications. Wear resistance can be improved
by surface treatments such as nitriding. H-11 Mod is
widely used in industry for hot work and casting dies,
in ordnance for gun barrel and related applications,
and in aerospace for landing gear, arrester hooks, solid
propellant rocket cases, fasteners, and structural sections.

Commercial Designation
H-11 Mod

Alternate Designations

AISI Type H11, SAE Type H11, UNS T20811, Al Tech
Potomac A, Carpenter Ne. 882, Chromo-V, Guterl H-11,
Hot Form No. 2.

Specifications
[Table] AMS Specifications.

Composition
[Table] AMS Specified Composition.

Heat Treatment

General. Heat treatment conditions are critical with regard
to developing the desired combination of toughness and
strength and preventing quench c¢racking in H-11 Mod.
Good hardenability is conferred in H-11 Mod by the
chromium, molybdenum, and vanadium additions, which
enable fully or nearly fully martensitic structures to be
obtained with modest cooling rates following the initial
austenitizing heat treatment. The carbon content of 0.4
percent is required to provide high strength, but also causes
a low M, ternperature and high austenite-to-martensite
transformation strains. High internal stresses thus can
develop if the quench after austenitizing is severe, espe-
cially in large sections. Air cooling with or without forced
circulation is appropriate under most circumstances.
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The most stable carbide in H-11
Mod is VC, which is only partially Fe
dissolved at an austenitizing tem-

perature of 1900F. Other carbides, n _4 c
such as Mo,C containing dissoived

chromium and vanadium and 5 0 Cr
chromium-molybdenum-rich )

M,,C,, are also present. These

unzsliszolved carbides particles pin 1' 3 MD
the grain boundaries and help 0 5 v
maintain the highly desirable fine .
austenite grain size. As the carbides
dissolve with increasing austenitizing
temperature, the carbon content of the austenite increases
and the subsequent martensite phase is progressively
hardened. The optimum austenitizing temperature thus
represents in part a balance between maintenance of a
fine austenite grain size and hardness of the martensite
phase.

Double tempering is required in order to develop full
toughness, especially in larger sections. The first tem-
pering treatment causes any retained austenite to
transform to a ferrite-carbide aggregate such as bainite
or to precipitate alloy carbides, which raises the M;
temperature so that the retained austenite transforms
to martensite on cooling. This new martensite is then
tempered during the second tempering treatment. At
least two and in some cases three or more tempering
treatrnents are recommended to minimize retained
austenite and unternpered martensite. Retained austenite
is particularly undesirable as it can transform during
service and cause distortion or cracking.

H-11 Mod is a “secondary hardening” steel, i.e., room
temperature hardness increases with increasing temper-
ing temperature up to the temperature of maximum
secondary hardening, about 950F. Secondary hardening
is associated with reprecipitation of VC in which some
molybdenurm is dissolved. At higher tempering tem-
peratures, overageing occurs with coarsening of the
VC and additional precipitation of MyyC,. Increased
austenitizing temperature, in addition to increasing the
carbon content of the martensite, increases the extent
of the secondary hardening reactions. Maintenance of
properties at high operating temperatures is promoted
by these secondary hardening reactions.

Alternative explanations for the reactions responsible
for secondary hardening have been advanced, as dis-
cussed in Section 3.2.3.6. Also the data on relative carbide
abundance after tempering, presented later in Figure
2.1.2.4, do not indicate a major role for VC, in disagree-
ment with the reactions suggested in the previous
paragraph.

Tempering at the temperature of maximum secondary
hardening is not recommended due to the marked
embrittlement which occurs. The optimum tempering
temperature for this steel is about 1100F.
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1.5.2 Normalize. Generally not necessary. For effective homog-
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enization, heat to about 1950F, soak 1 hour for each inch
of thickness, and air cool. Anneal irnmediately after
the part reaches room temperature. There is a possibil-
ity that H-I1 Mod may crack during this treatment.

Anneal. Heat to 1550 to 1625F and held to equalize
temperature, cool slowly in the furnace to about 900F,
then more rapidly to room temperature. This treatment
should produce a fully spheroidized microstructure
free of grain boundary carbide networks.

Austenitize. Preheat to 1400 to 1500F and then raise
the temperature to 1850 to 1875F and hold 20 tnin plus
5 min for each 1 inch of thickness, air cool. For section
thicknesses greater than 10 inches, austenitize at 1825-
1850F and oil quench. For parts with abrupt section
changes, quench in salt bath to 800F, heid for 20 to 30
minutes to equilibrate, then air cool to room temperature.

Temper. Heat at 950 to 1200F, depending on strength
desired. Close temperature control is important, since
properties change sharply with temperature. Double
ternper, 1 to 4 hours each, depending on thickness, and
cool to room temperature between tempers. Triple
tempering is more desirable, especially for critical
parts. For high temperature applications, parts should
be tempered at a temperature above the maximum
service temperature to guard against undesirable
property changes during service. Distortion during
tempering is very low, not exceeding 0.001 inch per
inch of cross-section.

Intermediate Anneal. Heat to 1200 to 1250F, 4 hours, air
cool. This treatment is used to achieve greater dimen-
sional accuracy in heat treated parts by intermediate
annealing rough-machined parts, then finish machining,
and finaily heat treating to the desired hardness.
Stress Relief. Heat at 875 to 900F, 2 to 4 hours, for fin-

ished parts after grinding, machining, or straightening
(Refs. 81, pp. 439-441; Refs. 82-86; Ref. 98, pp. 8-11).

Hardness
[Figure] End quench hardenability.

[Figure] Effect of austenitizing temperature and type of
cooling on hardness.

[Figure] Effect of carbon content and tempering tempera-
ture on hardness of air melt and vacuum meit alloy.

[Figure] Effect of austenitizing temperature and temper-
ing temperature on hardness for a single tempering
treatment.

[Figure] Effect of austenitizing temperature and temper-
ing temperature on hardness for a double tempering
treatment.

[Figure] Effect of austenitizing ternperature and temper-
ing temperature on hardness for a triple tempering
treatrnent.

1.6.7 [Figure] Effect of low temperature on hardness of sheet.
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{Figure] Hot hardness of bar austenitized at 1825 or
1900F and tempered at temperatures from 1025 to 1225F.

[Figure] Hot hardness after tempering at 1050 to 1150F.

Forms and Conditions Available

H-11 Mod is available in the form of forgings, extrusions,
billets, plate, sheet, strip, bar, rod, and wire.

Melting and Casting Practice

Standard practice includes electric furnace air melting,
induction vacuum, and consumable electrode vacuum
melting. Vacuum arc remelting, vacuum degassing,
and electroslag refining are effective in producing
cleaner, finer-grained, and more uniform alloy with
greater freedom from segregation and harmful impuri-
ties and with improved toughness.

Special Considerations

Decarburization ¢an occur during heat treatment unless
special precautions are taken. Heat treatments should
be conducted in a neutral atmosphere furnace or salt
bath or with parts packed in a neutral packing compound.

Parts should be protected from hydrogen
embrittlement by baking for a minimum of 24 hours at
375F or higher after plating in an acid bath or after other
processing that might iniroduce hydrogen into the metal.

Sulfur adversely affects notch impact strength and
should be held low, preferably below 0.005 percent.

Alloy has low fracture toughness after tempering at
1000F to high strength levels. However, the fracture
toughness can be improved at a cost of decreased
strength by increasing the tempering temperature
above 1000F, the approximate temperature of maximum
secondary hardening

Physical Properties and Chemical
Environmental Effects

Thermal Properties
Melting Range, 2500-2600F (Ref. 23, p. 22).
Phase Changes.

2.1.2.1 [Figure] Time-temperature-transformation
diagram.

2122 TheTTT diagram for transformation of auste-
nite to pearlite exhibits the usual C cirve with
the nose temperature at 1330F and the bay
temperature inferred to be approximately

1200F, as shown in Figure 2.1.2.1.

The rate of transformation to pearlite can be
markedly accelerated by pre-deforming the
austenitic alloy at 1200F, This acceleration is
related to an increase in the pearlite nucleation
rate per unit volume of material (Ref. 87, p. 776}.
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2123 The A transformation temperature from ferrite
to austenite on heating is 1505-1580F. The A,
temperature on cooling is 1490-1445F.

2.1.2.4 [Figure] Relative carbide intensity (abundance)
as a function of tempering temperature.

Thermal Conductivity.

2.1.3.1 [Figure] Thermal Conductivity.
Thermal Expansion.

2.14.1 [Figure] Thermal Expansion.
Specific Heat, 0.11 Btu per Ib F.
Thermal Diffusivity.

Other Physical Properties

Density, 0.280 Ib per cu. in. 7.75 gr per cu. cm.
Electrical Properties.

2221 ({Figure] Electrical resistivity.

Magnetic Properties. This steel is highly ferro-magnetic,
but becomes nonmagnetic at temperatures above 1400
to 1500F.

Emittance.
2241 (Figure] Emittance.
Damping Capacity.

Chemical Environments

General Corrosion. The general corrosion resistance of
this steel is low and surface protection is required.

Stress Corrosion.

2321 H-11 Mod has good stress-corrosion resistance
as compared to other non-stainless steels heat
treated to comparable strength levels, as shown
in Figure 2.3.2.2. The good stress-corrosion
resistance of H-11 Mod may be due to its com-
bination of high chromium and molybdenum
contents. Higher purity vacuum melted mate-
rial and material final tempered at higher tem-
peratures have improved stress-corrosion
resistance, as shown in Figures 2.3.2.3,2.3.2.4,
and 2.3.2.5. The stress-corrosion resistance in
an aqueous solution of NaCl is similar to that
in distilled water, as shown in Figure 2.3.2.6.

The threshold stress intensity for stress-corro-
sion cracking is much less than the fracture
toughness when tested in seacoast environ-
ments or aqueous salt solutions (Tables 2.3.2.7
and 2.3.2.8). Similarly the crack growth rate is
greatly increased in distilled water and in
moist argon as compared to dry argon (Fig-
ures 2.3.2.9and 2.3.2.10).

2.3.2.2 [Figure] Comparison of stress-corrosion crack-
ing characteristics of alloy with corresponding
behavior of several other martensitic steels
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heat treated to tensile strength levels of approx-
tmately 240 ksi.

2.3.2.3 [Figure] Effect of applied stress on time to
stress-corrosion failure for air-melt and
vacuum melt alloy.

2.3.2.4 [Figure] Effect of temperature of final temper
on stress-corrosion resistance in 5 percent
aqueous solution of NaCl.

2.3.25 [Figure] Effect of tempering temperature on
stress-corrosion resistance of billet.

2.3.2.6 [Figure] Delayed failure of alloy at 206 ksi
yield strength level when tested in distilled
water and in aqueous solution containing 3
percent NaCl.

2.3.2.7 [Table] Plane strain fracture toughness and
threshold for stress-corrosion cracking in sea-
coast test and in accelerated tests for alloy in
three conditions.

2.3.2.8 [Table] Plane strain fracture toughness and
threshold for stress-corrosion cracking in 3-1/2
percent NaCl agueous solution.

2329 (Figure] Sustained load crack growth rate in
humid argon and in distilled water.

2.3.2.10 [Figure] Effect of stress intensity on crack growth
rate for a wide range of relative humidity in
an argon environment.

2.3.2.11 In the heat treated condition for F, , = 245 ksi,
alloy is susceptible to severe rusting (accom-
panying stress-corrosion cracking) when sub-
jected to a moist chloride environment or a
semi-industrial atmosphere (Ref. 50, p. 4).

2.3.2.12 H-11 Med double tempered at 970 or 1100F is
not subject to stress corrosion when exposed
in hydraulic oil (Ref. 89, pp. 347-353).

2.3.2.13 Pitting and stress corrosion can result from
use of manufacturing chemicals high in sulfur
or chlorine. These chemicals include cutting
fluids, penetrating fluids, solvents, lubricants
and penetrants, developers, anti-seize thread
compounds, steam cleaners, and machining
coolants. Sulfur and chlorine contents of these
fluids should be held below 5500 ppm each to
minimize the possibility of stress corrosion. The
addition of thermally stable corrosion inhibitors
such as triethanolamine reduces the corrosivity
of these chemicals (Ref. 90, pp. 59-63).

2.3.3 Hydrogen Embrittlement.

233.1 Hydrogen embrittlement may occur in mate-
rial heat treated to high strength if exposed to
a hydrogen-containing environment. Certain
surface treatments such as acid or alkaline
pickling, cathodic cleaning, or phosphatizing
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may result in hydrogen embrittlement for
material having F,, of 200 ksi ot higher. Ap-
proved plating methods should be followed by
baking at temperatures ranging from 375F for
23 hours to 920F for short times (Ref. 57, p. 127).

2.33.2 Acid baths used in chemical milling initially
embrittle alloy, but recovery of ductility occurs
within one week at RT if there is no barrier to
escape of hydrogen (such as plating). A re-
covery treatment of 48 hours at RT followed
by 4 hours at 375F is recommended (Ref. 76).

2.3.3.3 [Table] Notch strength in helium and hydrogen
at 10 ksi pressure.

23.34 The diffusivity of hydrogen in H-11 Mod at
72F is 3 x 108 cm?/sec. (Ref. 91, p. 437).

Nuclear Environments

H-11 Mod has good resistance to swelling following
high fluence neutron irradiation. As shown in Figure
2.4.2, swelling in H-11 Mod ranges from -0.3 to +0.16
percent under the indicated conditions, slightly less
than observed for Type 416 martensitic stainless steel.
By comparison, 20 percent cold-worked Type 316
austenitic stainless steel would be expected to swell
about 30 percent at its peak swelling temperature of
1100F. H-11 Mod shows promise for fusion reactor
first wall applications in terms of swelling resistance
(Ref. 92, pp. 969-973).

[Figure] Effect of irradiation temperature on swelling
in H-11 Mod and Type 416 Martensitic Stainless Steel.

Mechanical Properties

Specified Mechanical .Properties
[Table] AMS specified mechanical properties.

Mechanical Properties at Room Temperature
Tension Stress-strain Diagrams and Tensile Properties.
3.2.1.1 Stress-strain relations.

32.1.1.1 [Figure] Stress-strain curves for bar
tempered at 950 to 1300F.

3.21.2 Heat treatment effects. This next group of figures
illustrates primarily the effects of tempering
temperature on tensile properties. Of particu-
lar interest is the steepness of the decrease in
tensile strength with increasing tempering
temperature for tempering temperatures
above 1000F (Figures 3.2.1.2.1 and 3.2.1.2.2),
emphasizing the need for strict temperature
control during tempering. Also of interest is
the secondary hardening peak at 950F, most
apparent in Figure 3.2.1.2.2. Transverse tensile
properties are similar to longitudinal tensile
properties (Figure 3.2.1.2.3). Increased carbon
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content increases the tensile strength of hard-
ened and tempered alloy, while vacuum melt-
ing results in improved tensile ductility (Figure
3.2124).

3.2.1.2.1 [Figure] Effects of tempering at 900
to 1300F on tensile properties of
sheet and bar.

3.21.22 [Figure] Effects of tempering up to
1300F on tensile properties of bar.

3.2.1.2.3 [Figure] Effects of tempering at 1000
to 1100F on transverse tensile prop-
erties of bar and extrusion.

3.2.1.2.4 [Figure] Effects of carbon content and
tempering temperature on tensile
properties of air melted and vacuum
melted ailoy.

Exposure effects. Exposure at temperatures of
-300F and lower results in increased strength
and decreased ductility on subsequent room
temperature testing, shown in Figure 3.2.1.3.1.
This behavior may result from additional aus-
tenite-to-martensite transformation. The approx-
imate high temperature time-temperature
limits for stability of mechanical properties are
shown in Figure 3.2.1.32.

3.21.3.1 [Figure] Effects of low temperature
exposure on tensile properties of
sheet,

3.2.1.3.2 [Figure] Maximum temperatures for
stability of mechanical properties for
various exposure times,

Thermomechanical processing effects. Defor-
mation during or after heat treatment increases
strength and slightly decreases ductility. The
effects of warm rolling after austenitizing
{ausforming) on the properties of untempered
alloy are shown in Figure 3.2.1.4.1. Tempering
after ausforming reduces strength and improves
ductility similarly to conventional austenitized
and tempered alloy but the strength improve-
ments from ausforming are retained, as shown
in Figures 3.2.1.4.2,32.1.43, and 3.2.1.4.4.
Strength increases are also effected by prestraining
and aging material which has been previously
austenitized and tempered, shown in Figure
3.2.145.

3.2.1.41 [Figure] Effects of rolling on tensile
properties of austenitized sheet.

3.2.1.4.2 [Figure] Effects of forging and temper-
ing on tensile properties of austenitized
steel.

3.2.14.3 [Figure] Effects of forging and tem-
pering on tensile properties of
vacuum melted alloy.
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3.21.4.4 [Figure] Effects of tempering tem-
perature on yield strength for con-
ventional alloy and ausformed alloy.

3.2.14.5 [Figure] Effects of pre-straining on
tensile properties of austenitized and
temnpered sheet.

3.2.1.5 Environmental effects.

3.2.1.5.1 (Table] Tensile properties of bar in air
at atmospheric pressure and in helium
and hydrogen at 10 ksi pressure.

Compression Stress-strain Diagrams and Compression
Properties.

3221 [Figure] True stress - true strain curves in tension
and compression of bar.

3.2.2.2 [Figure] True stress - true strain curves in tension
and compression for ausformed bar.

Impact.

3.2.3.1 The impact energy of H-11 Mod decreases
with increasing tempering temperature to a
minimum at about $00F, then increases with
further increases in tempering temperature,
shown in Figures 3.2.3.2 - 3.2.3.5. This behavior
is a further reflection of the secondary harden-
ing reaction shown earlier to affect tensile
properties. The detrimental effects of increasing
carbon content and the beneficial effects of
vacuurn melting on impact energy are also
illustrated in Figure 3.2.3.4.

[Figure] Effect of tempering temperature on
Charpy impact energy at RT and -321F.

3232

3.2.3.3 [Figure] Effects of tempering temperature on

Charpy impact energy and hardness.

3.2.3.4 [Figure] Effect of carbon content and tempering
temperature on Charpy impact strength of air

melt and vacuum melt alloy.

3.2.35 [Figure] Effect of tempering temperature on
tensile and yield strength and on Izod impact

energy.

3.2.3.6 Several possible causes have been advanced
for the secondary hardening behavior exhib-
ited by H-11 Mod. One possible cause involves
the carbide precipitation reactions discussed
earlier in Section 1.5.1. A second possibility
relates to alloy composition. As shown in Fig-
ure 3.2.3.7, both commercial H-11 Mod and a
laboratory heat containing zero manganese
showed decreased impact energy after temper-
ing at 932 or 1022F. However, a second labora-
tory heat with both manganese and silicon
removed did not exhibit embrittlement, sug-
gesting that embrittlement may be associated
with silicon content. A third possible cause for
embrittlement is suggested by a study of the
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effects of both time and temperature of
retempering on impact energy, the results of
which are shown in Figure 3.2.3.8. Kinetic data
derived from this figure, along with additional
microstructural and microchemical observations
{Ref. 93, p. 1182), suggest that segregation
primarily of phosphorus but also of sulfur and
silicon to preaustenitic grain boundaries and
other interfaces may be responsible for secondary
embritlement.

3.2.3.7 [Figure] Effects of tempering temperature and
manganese and silicon contents on Charpy

impact energy.

3238 [Figure] Effects of retempering time and tempera-

ture on Charpy impact energy and hardness.
Bending.
Torsion and Shear.
Bearing.
3.2.6.1 [Table] Typical bearing and shear properties.
Stress Concentration.

3.27.1 Notched properties, see also Sections 3.3.7 and
3.5
3.2.7.1.1 Material tempered at 900 to 1050F is

particularly notch-sensitive, However,
the notch-sensitivity decreases with
increasing tempering temperature and
is essentially absent for material tem-
pered at 1200F, as shown in Figures
32.7.12and 32.7.1.3. Increasing stress
concentration factor and increasing
length of initial fatigue crack both
sharply reduce the notch strength of
material tempered at 1000 or 1060F,
but less strength reduction is noted for
material tempered at 1100 or 1150F (Fig-
ures 3.27.1.4 and 3.2.7.1.5). Increased
carbon content is beneficial to notch
strength. As illustrated in Figure
3.2.7.1.6, for a given original ultimate
strength, the notch strength increases
with increasing carbon content.

3.2.7.1.2 [Figure] Effects of tempering tempera-
ture on notch strength of sharply

notched sheet.

3.2.7.1.3 [Figure] Effects of tempering tempera-
ture on sharp notch strength ratio for

sheet.

32.7.14 [Figure] Effects of stress concentration
on notch strength of heat treated

sheet.

[Figure) Effects of initial crack length
on net section strength for sheet heat
treated to F, from 200 to 300 ksi.

32715
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3.2.7.1.6 [Figure] Effect of carbon content and
strength on sharp edge notch tensile
strength ratio of air melt and
vacuum melt sheet.

3.2.7.2 Fracture toughness.

3.2.7.21 Increasing austenizing temperature
decreases the fracture toughness for
material subsequently tempered to
medium strength-high toughness at
1202F but not for material ternpered
to high strength-lower toughness at
1022F. Also, decreasing the volume
percent of microstructural inclusions
by argon ladling increases the fracture
toughness of the 1202F-tempered
material but not of the 1022F-tempered
material, as shown in Figure 3.2.7.2.2.
Tempering temperature significantly
affects fracture toughness. A minimum
in fracture toughness is observed for
a tempering temperature of 1000F,
the temperature region of maximum
secondary hardening, as shown in
Figure 3.2.7.1.2. (Additional fracture
toughness data in Tables 2.3.2.7 and
2.3.2.8 support the trends shown in
Figure 3.2.7.2.3.)

3.2.7.2.2 [Figure] Effects of austenitizing tem-
perature, tempering temperature,
and melting practice on fracture
toughness.

3.2.7.2.3 [Figure] Effect of tempering tempera-
ture on fracture toughness.

3.2.8 Combined Properties.

3.3 Mechanical Properties at Various Temperatures
3.31 Tension Stress-strain Diagrams and Tensile Properties.

3.3.1.1 [Figure] Stress-strain curves at room and low
temperatures for sheet.

3.3.1.2 [Figure] Stress-strain curves at room and elevated
temperatures for materials heat treated to F, =
260 ksi.

3.3.1.3 [Figure] Stress-strain curves at room and elevated
temperatures for annealed sheet.

3.3.1.4 [Figure] Stress-strain curves at room and elevated
temnperatures for sheet heat treated to F =
280 ksi.

3.3.1.5 [Figure] Stress-strain curves at room and low
temperatures for bar.

3.3.1.6 [Figure] Effect of low test temperature on tensile
properties of bar.

3.3.1.7 [Figure] Effect of low test temperature on tensile
properties of sheet.
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3318 [Figure] Effect of test temperature on tensile
properties for tempering temperatures of
1000F to 1150F of bar and sheet.

3.3.1.9 [Figure] Effects of test temperature and temper-
ing temperature on tensile properties of bar.

3.3.1.10 [Figure] Effect of test temperature on tensile
properties of bolts heat treated to F,, = 220 ksi
minimum.

3.3.1.11 [Figure] Effects of test temperature, holding
time and strain rate on tensile properties of
sheet:

3.3.1.12 [Figure] Effect of test temperature on tensile
properties of air melt alloy tempered to F, =
260 ksi and 310 ksi.

3.3.1.13 [Figure] Effects of test temperature on tensile
properties of ausformed and conventionally
heat treated steel.

3.3.1.14 (Figure] Effect of test temperature on tensile
properties of annealed sheet.

3.3.1.15 {Figure] Effect of elastic strain rate on yield
stress at RT and 600F.

3.3.1.16 [Figure] Effect of test temperature on tensile
properties of sheet heat treated to F, = 260
and 280 ksi minimum.

Compression Stress-strain Diagrams and Compression
Properties.

3.3.2.1 [Figure] Stress-strain curves in compression at
room and elevated temperatures for annealed
sheet.

3.3.2.2 [Figure] Effect of test temperature on compres-
sive yield strength of sheet.

.3.3.2.3 [Figure] Effect of test temperature on compres-

sive yield strength of annealed sheet.
Impact.

3.3.3.1 [Figure] Effect of temperature on Charpy impact
energy of bar,

3.3.3.2 [Figure] Effect of carbon content and test tem-
perature on Charpy impact strength of air
melt and vacuum melt alloy.

Bending.
Torsion and Shear.

3.3.5.1 [Figure] Effect of test temperature on shear
strength of heat treated bolts.

3.35.2 [F igure].EffeCt of test temperature on shear
strength of annealed sheet.

Bearing.

3.3.6.1 [Figure] Effect of test temperature on bearing
properties of annealed sheet.

Stress Concentration.
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3.3.7.1 Notch properties.

3.3.7.1.1 [Figure] Effect of test temperature on
notch strength for various stress con-
centration factors of sheet.

{Figure] Effect of low test temperature
on notch strength of sheet.

[Figure] Effect of low test temperature
on notch tensile strength for stress
concentration factors from 4 to 12.5.

33712
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3.37.1.4 [Figure] Effect of low temperatures,
loading rates and stress concentration

factors on notch strength of sheet.

3.3.7.1.5 ([Figure] Effects of low test temperature
and tempering temperature on notch

strength of bar.

[Figure] Effects of low test termperature
on crack strength of sheet.

33716

3.3.7.1.7 [Figure] Effects of low test temperature
and tempering temperature on crack

strength of bar.

{Figure] Effect of test temperature on
crack strength of sheet.

33718

3.3.7.2 Fracture toughness.

3.3.7.2.1 [Figure] Effect of test temperature on
smooth specimen tensile properties
and on fracture toughness of plate.
Creep and Creep Rupture Properties

{Figure] Creep rupture behavior at 900 to 1200F for two
tempering temperatures.

{Figure] Creep rupture curves for alloy at various
strength levels at 700 to 1000F.

[Figure] Creep rupture curves at 800 to 1000F for sheet
heat treated to F,; = 190 ksi.

[Figure] Short time creep and creep rupture curves at
1000 and 1200F for sheet heat treated to F_, = 290 ksi.

[Figure] Stress to produce creep rates of 10 to 107 per-
cent per hour at 700 to 900F.

Fatigue Properties

Conventional Fatigue.

351.1
351.2

{Figure] 5-N curves for heat treated bar.

(Figure] Fatigue scatterband for bar specimens
. from eight separate heats tested in axial tension.
3.5.1.3 [Figure] S-N curves for notched and smooth
specimens at room temperature.

35.1.4 [Figure] 5-N curves for notched and smooth

specimens at 800F.

3.5.1.5 [Figure] S-N curves for notched and smooth

specimens at 1000F.
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3.5.1.6
35.1.7

[Table] Fatigue properties of bar and bolts.

[Table] Tensile and fatigue properties at room
temperature and at -320F for bolts machined
from bar heat treated to 240 ksi yield strength.

[Table] Tensile and fatigue properties of bolts
made from material heat treated to several
strength levels.

3518

35.1.9 [Figure] Low-cycle fatigue of notched (K, = 5.0)

specimens cut from large plate.

3.5.1.10 [Figure] Low-cycle fatigue of notched (K, = 3.0)
specimens cut from long and short transverse
directions of forging.

3.5.1.11 [Figure] Effect of surface machining and grinding
{to remove decarburized layer) on reversed
bending fatigue of sheet.

3.5.1.12 [Table] Fatigue strength at 10° cycles in rotating
bending for vacuum and air melted alloy in
various conditions of surface treatment after
exposure to elevated temperature.

3.5.1.13 [Figure] SN curves in rotating beam bending
for smooth specimens and for specimens sub-
jected to glass bead peening.

3.5.1.14 [Figure] Cyclic strain hardening in ausformed
bar as manifested by reduction in plastic
strain range (increase in elastic strain range) as
cycles are increased during strain cycling tests
in which total strain amplitudes are maintained
constant.

3.5.1.15 [Figure] S-N curves for ausformed and con-
ventionally heat treated steel.

Fatigue Crack Propagation.

3.5.2.1 The threshold stress intensity for fatigue crack
propagation is considerably less than the plane
strain fracture toughness and varies inversely
with stress ratio R, as seen in Figure 3.5.1.2.
This behavior is observed also with other high
strength martensitic steels. The exponent “m”
in the relation

da/dn = CAK™

is about 3 for H-11 Mod, compared to a range
of 2.3 to 3.1 for other steels such as Type 4340,
Hy-Tuf, and A-286.

[Figure] Fatigue crack growth rates in air at
room temperature.

[Figure] Fatigue crack growth rates in air at 650F.

3522

3523

Elastic Properties
Poisson’s Ratio, 0.281.
Modulus of Elasticity.

3.6.2.1 [Figure] Modulus of elasticity at room and
elevated temperature.
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3.6.3
3.64

365

4.1
4.1.1

412

41.3

414

4.2
421

4.3
431

3622 [Figure] Modulus of elasticity for alloy heat
treated to various hardness leveis.

36.2.3 [Figure] Modulus of elasticity in compression at
room and elevated temperatures for annealed
sheet.

Modulus of Rigidity.
Tangent Modulus.

3.64.1 [Figure] Tangent modulus curves at room and
elevated temperatures for bar heat treated to
F,, = 260 ksi.

Secant Modulus.

Fabrication

Forming

General. This alloy, in the fully annealed condition,
can be readily formed by all common methods.

Forging. H-11 Mod is readily forged at temperatures
in the range 1950 to 2100F. Forging stock should be
preheated at 1500F to insure temperature uniformity,
then slowly further heated to the forging temperature.
Forging should not be continued below 1700F, but
parts may be reheated as often as necessary, Care must
be exercised during cooling after forging to prevent
stress cracking, Small stimple forgings may be cooled
slowly in lime or dry-ashes, but larger parts should be
soaked at 1450F after forging and furnace cooled.
Forged parts should then be annealed as soon as possible.

Bending. Sheet with thickness less than 0.090 inch has
a room temperature production bend factor of 2 in the
annealed condition and 6 when heat treated to F, | =
260 to 280 ksi.

Straightening can be performed either during cooling
from austenitizing or during heating for tempering.

Machining and Grinding

H-11 Mod is readily machinable in the annealed condi-
tion. It has a machinability rating of 55-75 compared to
100 for a 1 percent carbon tool steel or about 40-50
compared to 100 for B1112. Stress corrosion may result
from the use of cutting fluids or cleaning fluids high in
sulfur or chlorine (see Figure 2.3.2.9). Hydrogen
embrittlement may occur during chemical milling (see
Section 2.3.3.2).

Joining

Fusion welding is accomplished using inert gas shield-
ing or with coated electrodes. Filler metal should be of
the same general composition as the base metal. Parts
to be welded should be preheated to 1000F and tem-
perature should be maintained above 600F during

welding. Welded parts, especially those with heavy
sections, should be cooled slowly in a furnace or in an

Code 1218
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insulating medium after welding to prevent cracking.
Welded parts should then be given a full anneal as soon
after welding as possible. Welding should be performed
in the annealed condition. However, if welding is per-
formed in the hardened condition, the part must be
retempered after welding. Maximum strength in welded
tanks may be obtained after an intermediate temper at
1050F, as shown in Figure 4.3.2. These data further
show significantly lower strengths for vessels welded
from material previously tempered at 950 or 1000F,
suggesting that tempering temperatures of 1050F or
higher are preferable for material to be welded.

[Figure] Effect of tempering ternperature on strength of
welded sheet and pressure vessels.

Surface Treating

Conditions having higher strength than 200 ksi should
be cleaned by mechanical methods or by anodic pick-
ling. Acid or alkaline pickling or cathodic cleaning can
result in hydrogen embrittlement.

Corrosion and oxidation resistance of this steel is ob-
tained by a variety of surface coatings. One preferred
method is plating with nickel cadmium (AMS 2416}.
(Ref. 101) Aluminizing, chromizing, vapor deposition
of metal coatings, and silicone paints are also success-
fully used in production. Special plating methods are
used for the high strength conditions, usually followed
by baking at 375F minimum, for 23 hours.

Chermnical milling may be accomplished in either the

.annealed or heat treated conditions. Baking of heat

treated parts after chemical milling is recommended.
The mechanical properties of sheet heat treated to F,_ =
280 ksi minimum and milled from 0.260 to 0.100 in
thickness were found to be unchanged.

The surface of H-11 Mod can be hardened using either
conventional nitriding or ion nitriding techniques.
Temperatures employed are frequently in the range
1000 to 1100F in order to obtain the best efficiency and
yet avoid formation of the epsilon-prime iron nitride
phase, which flakes off easily. Ion nitriding can be
accomplished at temperatures as low as 300F. Nitro-
gen and hardness profiles for H-11 Mod ion nitrided at
480F are shown in Figure 4.4.5. The calculated diffusivity
of nitrogen in H-11 Mod at this temperature is 1.74 x
1010 cm?/sec. (Ref. 99, p. 1495).

{Figure] Nitrogen content and hardness profiles for
ion-nitrided H-11 Mod.
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Table 1.3.1 AMS Specifications (Refs, 77-80)
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Table 1.4.1 AMS Specified Composition (Refs. 77-80)

Alloy: H-11M
Alloy: H-19 Mod oy o9
Percent
AMS Specilication Product Form Element
Min Max
4370 h ip, and P!
643 Sheet, Strip, and Plate Carbon | 038 0.43
B495F Bars, Forgings, and Ferging Stock -
Chromigm 475 5.25
Bars, Forgings, and Forging Stock
B487F {premium quality, consumable electrode vacuym Molybdenum 120 140
melied} Vanadium 0.40 0.60
Bars, Forgings, and Forging Stock Silicon 0.80 1.00
BaBeC {premium guality)
Manganese 0.20 0.40
Copper - 0.35
Nickel - 0.25
Phosphorus - 0.020 (a)
Sulfur - 0.020 (a)
Iron Balance
(a) Max phospherus and sulfur contents are 0.015
percent for AMS 6487F and AMS 6488D.
T R ] 1
H-11 Mod H-11 Mad
Quenched from — -~ 1BOOF - 1in, dia x 3 in. long har — ]
temp indicated —— 1850F 1350F, 1 hr + austenitized, Q as indicated
270 e B I
= 1900F o .
. C L Air Quenched
8 - o (il Quenched
= X @ g0 ]
= Tl P [ . p—— ]
= 60 Sk ik B Rt S
=
50
50 45
0 10 20 30 40 50 60 1800 1900 2000 2100 2200 2300

Distance from Quenched End, Sixteenth in.
Fig. 1.6.1 End quench hardenability (Ref. 9)

Austenitizing Temperature, F

Fig. 1.6.2 Effect of austenitizing temperature and
type of cooling on hardness (Ref. 82)
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[} [}
ga | 111 Mod
Aust 1825-1850F, 30 min, AC +
Temper 3 x 2 hr each
56
o
2 sy
=
o
&
<
=40
= I
Percent C
0 0.36 Vacuum Melt
2 o048
A 040 .
= (305 Air Melt
w22
24 ‘

300 1000 1100 1200 1300
Tempering Temperature, £
Fig. 1.6.3 Effect of carbon content and

tempering temperature on hardness of air
melt and vacuum melt alloy (Ref, 22)

T T
H-11 Mad
[~ 7/8 in. round x 11in, long -
Preheated 1500F + austenitize a5 indicated,
. 5 min, AC + tempering temp as indicated, 2 hr + repeat temper
i I

Austenitizing Temp
e f
£ 60 = 1900F
] 1850F | = ~—p Tom—— TN
@ 1 | e s s =T -
= 50 1800F h
=

F-9
L]
2=

30 :
4} 200 400 600 80O 1000 1200
Tempering Temperature, F
Fig.1.6.5 Effect of austenitizng temperature and

tempering temperature on hardness for a double tempering
treatment (Ref. 38)
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H-11 Miod

™ 7/8 in_ round x 1 in. fong

Preheated 1500F + austenitizing as indicated,
§ min, AC + temper as indicated, 2 hr

Austenitizing Temp
2 60
= 1900F fme _ | |
o 1850F ™™ = e o ] = 2 ™
& || 1800F ker===g-""""" - )
£ 5 1800F T2
] L)
= '

40 2N

30 \

0 200 400 600 800 1000 1200
Tempering Temperature, F
Fig. 1.6.4 Effect of austenitizing temperature and
tempering temperature on hardness for a single tempering
treatment (Ref. 38) |

T -

- H-11 Mod
7/8in, round x 1 in. tang

Preheated 1500F + austenitized as indicated,
|_ S min, AC + tempering temp as indicated,

2 hr + repeat temper twice

Austenitizing Temp
o &0 1900F b _|
3 1850F L2 T T I TS TN
g 0 1800F N\
=
g

LY
LY
N\
\
LY
‘\
L)
30

0 200 400 600 800 1000 1200
Tempering Temperature, F

-
=]

Fig.1.6.6 Effect of austenitizing temperature and

tempering temperature on hardness for a triple tempering
treatment (Ref. 38}
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1300 ‘
H-11 Mod
0.085 in, sheet
1200
1100
— 1000
a.
s \
o .
a Fry =312 kst
5
& 500
=
800 \
700 \\
[ ——
500
400 -300 -200 -100 0 100

Temperature, F

Fig.1.6.7 Effect of low temperature on hardness of sheet

Fig. 1.6.9 Hot hardness after tempering at 1050 to 1150F (Ref. 81}

Temperature, F

(Ref. 26)
H-11 Mad i
Austenitized 1850F, AC + double tempered !
at indicated tempering temperature, 2 + 2 hrs
Tempering.
Temperature. F
2 © 1050
< &0 R 1/ pp—
“ & 1150
[c S — i
S R ——
= 40 | —
"w-__--.a____h-o_-“-o-_
e ——
N
0 |
0 200 400 500 800 1000 1200 1400

H-11 Mod

|
H-11 Mod
Bar
Preheated 1500F + austenitize as indicated
+ two tempers of 2 hrs eacr at temp indic::teﬂ, AC

S00 > ¥
QO A Aust 1800F, 5 min, AG
()-\{ <> Aust 1825F (salt), 8 min, 0Q
>\;(!L
400
Tempered at 10258
E (initial RT hardness 55 R)
g
[]
£ w Q. | Tempe(T;i ;l }1125!
o :
=
Tempered at 1100F —1 .
200
Tempered a3 1225F .
(35 HC) e .
0o : |
800 900 1000 1100 1200

Test Temperature, F

Fig. 1.6.8 Hot hardness of bar austenitized at 1823 or 1900F,
and tempered at temperatures from 1025 to 1225F (Ref, 38)

| [
H-11 Mod
Austenitized 1830F, 0.5 hr
1500 T v ;
Peaslite Fraction l
o 01
‘:— 005
S 140 — 403
a
g |
E Austenite
~ 1300
1200
1100
2 4 & 8 2 4 6 8
19 10 10

Time, hr

Fig. 2.1.2.1 Time-temperature-transformation
diagram (Ref. 87)
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Strong

Medium

H-11 Mod
Tempered 2 hrs at indicated temperature
Carbide analyses by electran diffracticn,

X-ray diffraction.and electron microprobe

| E-Carbide

=

M.C

m,C

MG,

><' M.

— 1 N
~

[
7

Relative Carbide Intensity

Weak —

>

g
— Mncs_

0
200

400

500

800 1000

1200
Tempering Temperature, F

Fig. 2.1.24 Relative carbide intensity (abundance) as a
function of tempering temperature (Ref. 88)

80

1400

o
o

Hardened -
. O /

-0

TN

L

-~
o

-§

\ Annealed

10 in. perIn. perF

d
o
n\"L

bl
s

6.0

Mean ¢

oeff linear

therma! expansion
from RT to temperature indicated

200 400

600

800 1000
Test Temperature, F

Fig. 2141 Thermal Expansion (Ref. 38)
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%6 T
H-11 Mod
24 ]
22 \
Thermal Conguctivity
20 \\
138
\\
16 ™
14
200 400 608 800 1000 1200 1400
Test Temperature, F
Fig. 2.1.3.1 Thermal Conductivity (Ref. 38)
1 1
H-11 Mod
Bar - stress relief annealed
30 /5
25 /
20 / f/
15
a 200 400 600 800 100¢

Temperature, F

Fig. 2.2.2.1 Electrical Resistivity (Ref. 75)

1600
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y ' H-11 Mod |
K-11 Mod )
° 1 ' .078 in. sheet machined to .Q5Q in. thick at cracked
As received center section ) ]
----- Heated in air 1850F, 1/2 hr in salt, AC + temper two times at
1000F, 30 min _ | T080F, 2 hrs )
] I Heated in vaguum } Fyy = 244 ksi
1000F, 30 min Fry = 206 ksi
. B e = 1(.2 percent
s, . i
0.8 P - 2 zliu(:?hhme ¥; = applied stress intenshy
R - = - tatigue Kg = stress intensity at
Wavelength2p | "“=e-<<” 2 | ook —_— fracture in air  —
04 Tested in 3N NaCl
1.0 —
z ] _
-2 08 b B Y 18 Ni
& Wave Length 8 T 4| / Maraging
€ ave Tng L - 08 x , 5 /.
P R oy ' y T
04 z' \ “ “'. \I
£ , i :
08[  wave Length 15 ¢ ] 506 : T
e = 4340\-_ D6AC =" H b He1
04 | e Z 04 \ K
0 400 800 1200 1600 ‘» ’ \ ] Y !
Temperature, F @ ool .
i \____ - / “._
Fig.22.41 Emittance (Ref. 25) 0.2
9Ni-4Co-.45C
0
10 102 1 10¢ i 10°

Time, minutes

Fig. 2322 Comparison of stress corrosion cracking
: characteristics of alloy with corresponding behavior of

K-11 Mod several other martenistic steels heat treated to tensile
6 3/4 x 1 x 0.025 stress corrosion specimen machined strength levels of approximately 240 ksi (Ref. 36)
from 8 x 8 x 12 billet

™ 1850F. 1/2 hr, OQ + temper three times tor 3 hrs at
1000 to 1150F 25 required to obtain appropriate Fyy

Specimen stressed by holding in jig in bending.
Mounted on ferris wheel and immersed in aquegus
™ 3.5 percent NaCl selution for 8 min. of each hr 1

Numbers denote applied
stress in percentage of Fyy
1000 |—bao 60
40
80
N e D
3
£ 100 §
:
o
- =
g S N W
-
2 Air melt 's s
10 N
D Vacuum melt
1 ]
100 150 200 250

Appiied Stress, ksi

Fig.2.3.2.3 Effect of applied stress on time to stress
corrosion failure for air melt and vacuum melt alloy
(Ref. 63)
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\ 1 1 i
H-11 Mod
0.200 in. dia bar from 4 x 12 billet
1850F, 1/2 he, AC + temper twice 1025F, 2 hrs,
| AC + temper once for 2 hrs at temp indicated

Tested in short transverse direction, unnoiched

specimen
240
To 245
hrs
200 6
Axial stress - 200 ksi
[--]
5 | Exposure cycle—
=160 o
3 5 minin 5 percent NaCl
2 15 min in air
g
=] 120
@)
80
// ’
N %/8
Q0

1040 1080 1080 1100 1120 1140
Final Temper Temperature, F

Fig. 2.3.2.4 Effect of temperature of final temper
on stress-corrosion resistance in 3 percent aqueous
solution of NaCl (Ref. 62)

L | H-11Mod ' N ' —
078 in. sheet machined to .050 in, thick at cracked
center section
™ 7 1850F, 172 br insali, AC + temper two times at
1060F, 2 hr
N | Fy, = 244 ksi
Fyy = 206 ksi
2 _-Crack strength in air &=10.2 percent
e ——
£ S Q
©w PR T
2160 [ 1 oy Failures —
£ Incubation ¥
- | . (start of crack ™
3 120 * % i growth) ' o
b=
so b L2~ 38 diahote .
= - | +natch Y
40 23 + fatigue ¢rack A.-p
f O\ Distilled water
6 4 21 07 .AI 3% MaCl
01 102 10° 10t 108

Time, minutes

Fig. 2.3.2.6 Delayed failure of alloy at 206 ksi yield strength
level when tested in distilled water and in aqueous solutdon
containing 3 percent NaCl (Ref. 56}
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H-11 Mod '
| 63/4 x1x0.025 stress corrosion specimen machined
from 8 x 8 x 12 billet -
1850F, 1/2 hr, 0Q + temper three times for 3 hrs at
1000 10 1150F as indicated
280
]
-
4 240 \
]
200 o \
160 \
120
) { !
Specimen stressed by halding in jig in bending.
3 Mounted on ferris wheel and immersed in aqueous
3.5 percent NzCl solution for 8 min of each hr
1000
E 7///
E 100 g : Denotes
2 no failure
£ in 1600 rs
10
900 1000 1100 1200

Tempering Temperature, F

Fig. 2325 Effect of tempering temperature on stress-corrosion
resistance of billet (Ref. 63)
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Table 2.3.2.7 Plane strain fracture toughness and threshold for stress corrosion cracking in seacoast test and in accelerated

tests for alloy in three conditions (Ref. 47)

Alloy: H-11 Mod
Form 1/4 in. sheet (a)
Vac. Mell Air Melt Air Melt
Condition 2+2 hr @ 1000F 2+2 hr @ 1000F 242 hr @ 1100F
Fiy 280-300 ksi Fiy 280-300 ksi Fy 220-240 ks
Ky (ksi ¥n) 285 276 52.8
Kgsce (ksi ¥in)
Seacoast (b} 114586 167+28 395+44
Accelerated (¢) 10819 86+14 23.2£0.2
{3 ! 4 -
(2| A A
" Y000 O ;I;
: £0.902
diameter + tatigue erack
Loadet! in bending
{p) One face exposed to Pacific Ocean (L.A. Dept. of Water & Power)
(c) Immersed in solution of 2009 NaGl per liter distilled water.
Table 2.3.2.8 Plane strain fracture toughness and threshold for 10 H-11 Mod
stress corrosion cracking in 3-1/2 percent NaCl aqueous 080 in. sheat
solution (Ref. 52) HT 1o Fyy = 230 ksi A
Cepter notched specimens, -
Allay: H-11 Moa = fatigue Cﬁi[ckeu T
F lat g 100 percent
orm 172 plate = humidity
Condition Quenched and tempered at 1100F (-] argon ——_
F K K £10
ty Ic 1scC b
{ksi) {ksi Vi) {ksi +in) g
188 54 30 E
L&)
. - s " Distiled
Tested at RT in water ¢ontaining 3-1/2 percent NaCl. [ water
} s
o3 n0ten I &
-+ fatigue crack R @
R “ o1 7
p—1s - o
Tested in 4-point bending
Jo
(8]
0N 1 L 1 _ ]
20 .24 28 32 .38

Stress Intensity, ksi ¥in.

Fig. 2.3.29 Sustained load crack growth rate in humid

argon and in distilled water (Ref. 53)
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H-11 Mod

Stress Intensity, ksi

Fig.2.3.2.10 Effect of stress intensity on crack growth
rate for a wide range of relative humidity in an argon
environment (Ref. 41)

H-11Mot
- 1850F, 1 hr, WQ + 1050F, 2 hr, WQ irradiated in —
EBR - Il 10 fotal fluences of 13.2 o 17.8 x 1022 N/om?

| (E> 0.1 Mev) —
03 R
c\ a H-11 Mad
_ o2 o Type 415
EolaNal] 7 T
5 O
=9 o o .
=3 B
5 i
3
.2
03
700 800 900 000 1900 1200 1300

Irradiation Temperature, F

Fig. 2.4.2 Effect of irradiation temperature on swelling
in H-11 Mod and Type 416 martensitic stainless steel
{Ref. 92)
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' T Table 2.3.3.3 Notch strength in helium and hydrogen at 10
H-11 Mod :
980 in. sheet ‘ ksi pressure (Ref. 46)
| 1850F, 1/2 hrin argon, AC + triple
temper for 2hreach inargon  Fy, = 230 ksi Alloy: H-11 Mod
. - ) Relative 1 in bar machined to noich shown
Specimen 3 in. wide x 12 in. leng center humidity - percent NTA
transverse slot of 1 in, by elox machining 5
4| to initial radius < .001 in,, crack extension VAL Form (a) 036 |{| 0.15qf
(050 in. prior 1o start of data generation / 56 | —=
‘ / 0002 K =65
/ " 1850F, 40 min. AC + triple temper 1000F,
3.
Relative humidity varied by 20ding // Condition 2 hr AC
= muoisture 19 argon envirgnment 35
P Mtetel it // Notch strength (a) Ductility
= (ksi) (RA)
= / / Helium 253 0
@25 #
= 7 Hydrogen 62 ]
2 e
S 4 y o Hydrogen after 1 hr 65 0
E /// hold at 50 ksi
S 6
15 / // Hydrogen after 100 hr 103 0
/// / nold at 50 ksi
1 > P (a)} Average of replicate tests with small variations in geometry and
// / e strength values.
-3 / /
0 0.1
20 25 0 35 40
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Table 3.1.1 AMS-Specified Mechanical Properties {Refs. 77-80)
Alioy: H-11 Mod
AMS Specification 64370 6485F 6487F, 6488D
. . Bars & Forgings
Form Sheet, Strip, and Plate Bars & Forgings (premium quatity)
Austenitize 1825-1875F, Austenitize 1825-1875F,
Heat Treatment 15-25 min, AC 15-45 min, AC

Triple Temper, 1000F, 2-3 Hr

Test Temperature RT RT 1000F RT

Test Orientalion L L T L L T(c)

Tensile Properties

Fry (Ksi, min) 260 260 260 175 260 260 (d)
Fy (ksi, min) 220 215 215 135 215 215
e (pct, min) (a) 5 8 10 3 ]
RA {pct, min} 30 35 30

Cross-section area
(square inch)

251075 6
7510100 6
100 40 150 5
150 to 225 4
225 to 256

Bend Properties

Angle {deg, min) {b)

Thickness (inch)
up to .250 180
25010 437 a0

Note: The original AMS documents should be consulted for complete specification details.
(a) 2inchesor4 D

{b) Free bend arcund 3 T diameter

{c) 64380 only

(d) 280 ksi max

Code 1218
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H-11 Mod
H-11 Mod H-11 Mog }
Bar Sheet, bar
- _—| asor Tempering 1800 to TB50F, AC + temper 2x (210 3) brs
Temperature i
§1unm= A 0.04Din. shegt (8)
E: LT~ 1050¢ 320 2, : g-‘?gg::j] sheet (13)(17)_
g W = O bar (9)
E 1100F
v
- =~ 1200F 280 -
| 4
- ] T %
240
0 < ¥
0 0.05 0.10 0.15 0.20 200
Strain, in. perin.
Fig. 3.2.1.1.1 Stress strain curves for bar tempered at 160
950 to 1300F (Ref. 9)
120
/27, 3
H-11 Mod ‘ l | | ’ 200
Bar E
360 1850F, 1/2 hr, AC « temper twice for 2 hrs at temp indicated | 1.:_‘1"
O\L 160
30" F
quenched \G\C J—O-
\ 120
280
. ﬁ 100 2,
e == [
As RA
g quenched a0
4200
g \ z
@ 8
160 F
e o
120 . 3
900 1000 1100 1200 1300
Tempering Temp - F
BG
ol Fig. 3.2.1.2.1 Effect of tempering at 900 to 1300F on
€ As % tensile properties of sheet and bar {(Ref. 8,9, 13, 17)
g s} quenched/-,-—a RA
* a4 [z m""‘\‘_
0 { A e(2in.)
0 200 400 600 800 1000 1200 1400

Tempering Temp, F

Fig. 3.2.1.2.2 Effects of tempering up to 1300F on tensile
properties of bar (Ref. 40)
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H-ﬁ Mod l | |
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Fig. 3.2.1.2.3 Effects of tempering at 1000 to 1100F on
transverse tensile properties of bar and extrusions
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1850F, 20 min, AC, triple temper”

975F, 1 hr, each
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~After 2nd temper,
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Fig. 3.2.1.3.1 Effects of low temperature
exposure on tensile properties of sheet
(Ref. 26)

Ferrous Alloys « FeRUH

H-11 Mod

H-11 Mod I I
Standard 0.565 in. specimens average of 3
Aust 1800 - 1900F, 30 min, AC temper in
molen salt 3 x 2 hr each
Percent C
O 0.36 Vacuurn
® 048
320 A 2040 {
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-5
320
= 240
= —y
o Fy
160 N
80 |
g
E 49
e(2in,
0 i
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Fig. 3.2.1.2.4 Effects of carbon content and
tempering temperature on tensile properties
of air melted and vacuum melted alloy.
(Ref. 22)
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Fig. 3.2.1.3.2 Maximum temperatures for
stability of mechanical properties for
various exposure times (Ref. 6)
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Fig.3.2.1.4.1 Effects of rolling on tensile
properties of austenitized sheet (Ref., 31}
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Forged at 1900 to $100F
| |

i 1
400F, 1 to 2 hrs + 400F, 3/4 hr
BOOF, 1 to 2 hrs + BOOF, 3/4 hr
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Fig. 3.2.1.4.2 Effects of forging and tempering
on tensile properties of austenitized steel
(Ref. 32)
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Fig.3.2.1.4.3 Effects of forging and tempering
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H-11 Mod I
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| 1900F + Ausform as indicated in bay between __{

transtormation bands of pearlite and bainite,

il quench + double temper t»lvo hrs at 1000F
|:Il.l

Tk

L

Percent Deformation

on tensile properties of vacuum melted alloy
(Ref. 69)
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320
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240
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H-11 Mod

0.080 to 0.100 in. sheet

Aust 1850F, 30 min, AC + temper 1000F,
| 2x2his —

Prestrained and aged
e

4
——

e
;/.?

Age Temp
® B00F
O 800F

o—
ef2in.)
ﬁtﬁ—-—.———_.

0 0.4 038 1.2 16
Pre-Strain, percent

Fig. 3.2.1.4.5 Effects of pre-straining on
tensile properties of austentized and
tempered sheet (Ref. 36)

Ferrous Alloys  FeUH

H-11 Mod

H-11 ll\.'lcu.1 i i | i #
| 8in. long x 0.5 in. wide with 2 in. gage length |

For conventional material aust at 1900F,
L AC + triple temper 2 hrs at temp indicated E
For ausformed material aust at 1900F, austorm
65 percent as indicated, oil quench, + double

" temper 2 hr at temp indicated I I T

360 Austormed (deformed 65
percent in bay between
, transformation bands

\Q\'/I pearlite and bainite)
200 N,
conventional - ,\i )f
;

160
900 1000 1100 1200

Tempering Temperature, F

320

- ksl

Fiy

Fig. 3.2.1.4.4 Effects of tempering temperature
on yield strength for conventional alloy and for
ausformed alloy (Ref. 69}

Table 3.2.1.5.1 Tensile properties of bar in air at
atmospheric pressure and in helium and hydrogen at 10
ksi pressure (Ref. 46)

Alloy: H-11 Mod
Form 1inch har_machined to
tensile spec.
. 1850F, 40 min., AC + triple temper
Condition 1000F, 2 hr, AC
. e, tlin.
Fyy (ksi) (pct) RA {pct}
Air at atmosphere press 293 11 30
He at 10 ksi press 299 8.8 30
He {hydrogen contaminated)
at 10 ksi press 278 14 12
Hydrogen, at 10 ksi press 170 0 1}
Hydrogen, after 1 hr hold at
128 ksi stress 1 0 0
Hydregen, after 100 hr hold at
128 ksi stress 166 0 0
Code 1218
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H-11 Mod
K11 Mod , | | | | K11 Mog | | |

360

320

True Strass, ksi

Bar 0.2 in, dia for tension 0.333 in. dia for comp
1850F, 2 hrs, 00 + triple temper 1050F, t hr, AC
| | | 1 | l
| ACompression, using special machine for alignment, and teflon
lubricant {o reduce friction
O Tension, with intermittent die drawing to eliminate necking
G Tension, data corrected for necking

___A______’E—-—-—
0 10 .20 30 40 S0 60

True Strain

Fig. 3.2.2.1 True stress - true strain curves in tension and
compression of bar {Ref. 43)

80 T
H-H1 Mod | | |
Standard Charpy V specimen
sk 1850F, 1/2 hr, AC + temper twice for two hrs at
temp indicated
RT o
a IE Charpy V N
- 40 T
'l'
’?
20 == < =
.- O A i L0
L = CR . 4 -321F
1} O:—'_—'_'U__—'U'-——-—r'-= N o o
0 200 400 600 800 1000 1200

Fig. 3.2.3.2 Effect of tempering temperature on Charpy impact

Tempering Temperature, F

energy at RT and -321F (Ref. 40)
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| 0.2 in. dia bar machined from ausformed 0.62 in, dia bar
Cansumable electrode vacuum melted bar hot worked at 2000F
from 2.5 in. diz to 1.5 in. dia, AC, + double annezl 1300F, 3 hrs,
|+ 1200F, 2 hrs + 1900F, 1 hr, AC t0 1050F, rolled to 83 percent _|
plastic deformation at 1050F, 0Q + double temper at 1000F for
total of 2 hrs, to Re 60, Fyy, = 373 ksi, Fy, = 294 ksi, RA = 33%

Compression

400 ! ___\,;_ —
= L Tension J
£ 300 3
@
200
g y

100

0
0 005 010 015 020 025

True Strain

Fig. 3.2.2.2 True stress - true strain curves in tension and
compression for ausformed bar (Ref. 64)

H-11 Mod, Rod '
Anneated 1470F, 2 hrs + austentized 1830F,
0.5 hr + temper 2t indicated temperature, 5 hrs
Charpy V-notch
60 L,
Mo’ X
: A
= 50
-
(-]
]
5
r 40 ‘R
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s I
20 T
3 ", A
3 N
é 0] T X
-_— ﬁ ﬂ'
0
400 600 800 1000 1200 1400

Tempering Temperature, F

Fig. 3.2.3.3 Effects of tempering temperature on
Charpy impact energy and hardness (Ref. 93,)
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H-11 Mod

H-11 Mod 1 [
Aust 1825 - 1850F, 30 min, AC + temper — Specimens from 8 x 8 x 12 bille:

100 '.?\:efa;:zs1?$:sts | 1850F, 45 min, 0Q + temper three times
f for 2 hrs each at temp indicated

H-11 Mf.)d | [ |

80 T
Pareent C

O ©.36 vacuum melt

= ® 048 |
T 60 a 040§ .
= - 3.305 Air melt ./—n{.
v 0.22 N
| 240 ]
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(] ()
= =2
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200
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IE Gharpy V notch
0 , ; )
800 1000 1100 1200 1300
Temgpering Temperature, F ﬁlzod
Fig. 3.2.3.4 Effect of carbon content and N Impact ]

tempering temperature on Charpy impact
strength of air melt and vacuum melt
:alloy {Ref. 22)

f- 1o
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400 600 800 1000 1200 1400
Tempering Temperature, F

Fig, 3.2.3.5 Effect of tempering temperature
on tensile and vield strength and on izod
impact energy (Ref. 63)

H-11 Mod, VAR bar

H-11 Mod, OMn, OMnSi, VIM bar

1500F, 1 hr + 1850F, 0.5 hr, 0Q + temper,
™ 1 fir, salt bath, WQ

Charpy V - notch, L - T grientation
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% Mr % Si
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40— @ Laboratory Heat <.08 92 — |

20—ty //

A Laboratory Heat <01 <.01 /
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Impact Energy, ft - b

10
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Temper Temperature, F

Fig. 3.2.3.7 Effects of tempering temperature
and manganese and silicon contents on Charpy
impact energy (Ref. 94)
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H-11 Mod

HiiMed ! [

[ Austenitized 1760F, 0.25 hr « 1310F, 2 hrs +
¢oal to -385F + 1310F, 2 hrs + retemper at
indicated terperature and time, WQ
i

Z [
« Retemper Time
e -me- 20r
5280 — Sir
£ e 24y
260 . T i
S ¥y ~ IR
240

40| Cnampy V- noteh

-t = 3

I N N -7
., \ {
N {

[
=)

Impact Energy, i - I
2

-
=4

0
800 500 100¢ 100 1200 1300
Tempering Temperature, F

Fig. 3.2.3.8 Effects of retempering time and
temperature on Charpy impact energy and hardness
{Ref. 93}

Table 3.2.6.1 Typical bearing and shear properties (Ref. 4)

April 1992 (revision)

Alloy: H-11 Mod
Form Sheet
CF"':"('::; 26010 280 280 to 300
Thickness {in.) 0.063 0.063 0.078 0.063 0.063 0.078
Foe  (ksi)
eD=15 L ; - 378 . - 432
e0-20 L 512 477 - 547 525 -
eiD=20 T 509 - - 529 - :
Foy (ki)
eD=15 L - - 316 . : 369
eiD=20 L 364 338 . 388 380 -
e/D=20 T 3n - - 302 ; ]
Fo (k) L 170 166.5 170 178 184 186
Foo  (ksi) T 7 169 171 183 186 1875
FoFre (av0) 0.631 0.635 0.642 0.634 0.635 0.635
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H-11 MOD | |
0.063 in. sheet
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Fig. 3

Tempering Temp - F
.2.7.1.2 Effects of tempering temperature on notch

strength of sharply notched sheet. (Ref. 13)

400 T |
H-11 Mod

0.040 to 0.083 in. sheet

1850F (Argon), 30 min, AC + 1000F, 3x 1 hr

320
'é ey

240 =

Stress, ksl
O_/
7
V4
V4
fe)

160 -
N
KL "~
5 ; o
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F=var
0 '
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Fig.3.2.7.14 Effects of stress concentration
on notch strength of heat treated sheet.
(Refs. 13, 15)

Ferrous Alloys » FeUH

H-11 Mod
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0.063 in. sheet
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Fig. 3.27.1.3 Effects of tempering temperature on

sharp notch strength ratio for sheet. (Ref. 27}
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H-11 Mod

Himed | 1 1| H1iMad ! I | i
0.1 in. sheet _machmed 10 .070 in. 0.063 in. sheet
1850F, 45 mir, AC + temper Aust 1850F, 30 min, AC, temper 3 x 1 hr each air melt
twice for 2 1/2 hrs at 1000, 1060, 1100
or 1150F to obtain desired Fy, 1200 ;
[T tu
I < .
6 s £ 1100
x g
280 b— machined hole + fatigue crack at i 0.23C \ /MS ¢
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8 =
& 029C |pag
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0 01 02 03 04 05 08 Fig.32.7.1.6 Effect of carbon content and-sirength

R ] on sharp edge notch tensile strength ratio of air melt
Initial Fatigue Crack Length, in, and vacuum melt sheet (Ref, 17)
Fig. 3.2.7.1.5 Effects of initial crack length

on net section strength for sheet heat treated

to Fy,, from 200 to 300 ksi (Ref. 56)

“[H-11 Mo H-11 Mod
Austenitized at indicated temperatura, 1850F, 30 min, AC plus double temper at
1 hr, 0Q plus tempered at indicated . indicated temperature, 1 hr each
ternperature, 2 hrs, AG ASTM E 399 test procedures
Tested according to ASTM E398 T-L grientation
- 10pen symbols.- open as¢ furnace ]
melted, 0.187 vol pctinclusions 120 y
Fillad symbols - OAF melted plus { ) Hardness, R, (30)
argoned in ladle, 0.092 vol pet '
1o Linctusions \ : 100 ‘ i
1363) ! I |
. (337} r —
£ o N T E
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i ; ry
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£ = J
S o Lo (569) g i
- . — \(/
=
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E 20 QO® Tempered at 1022F = 20 |
’ 0w Temperac at 1202F '
{ ) Hardness, VHN i !
o L . , 0 | :
1800 1900 2000 2100 2260 400 500 200 1000 200 1400
Austentizing Temperature, F Tempering Temperature, F
Fig. 3.2.7.2.2 Effects of austenitizing temp- Fig. 3.2.7.23 Effect of tempering temperature on
erature, tempering temperature, and fracture toughness (Ref. 96}

melting practice on fracture toughness (Ref. 95)
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H-11 Mot |
0.060 in. sheet I i
Preheat 1450F, 20 - 30 min, aust 1850F,
20 min, AT, triple temper” 975F 1 hr sach
320 | i
! /’-320F
280 /
-110F
240 V
/ RT
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2
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80
Tension
40 f_ “After secand temper, ground to 0.060 in. —
10 remove possible decarburization
0
0 0.004 0.008 0,012 0,018
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Fig. 3.3.1.1 Stress-strain curves at room and

low ternperatures for sheet (Ref. 26)
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Fig. 3.3.1.3 Stress - strain curves at
room and elevated temperatures for
annealed sheet (Ref. 34)

Ferrous Alloys « FeUH
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Fig. 3.3.1.2 Stress-strain curves at room and elevated
temperatures for material heat treated to Fry = 260 ksi

(Ref. 9}

520 | H-17 Med [

0.090 in. sheet '

1850F, 1/2 br, AC + 1000F,

2x3hrs+ 1025F, 2x 3 hrs™
i

Stress, ksi

Tensio
!

0 0.004 0.008 0.012 0.016
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Fig. 3.3.14 Stress-strain curves at room and elevated
temperatures for sheet heat treated to Fru = 280 ksi

(Ref. 7}
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H-11 Mod ‘ H-11 Mad | | r
3/4in. bar 34 in. bar
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Fig. 3.3.1.6 Effect of low test temperature on tensile

Fig. 3.3.1.5 Stress-strain curves at room and low properties of bar. (Ref. 67)

temperatures for bar (Ref. 67)
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H-11 Mod 1
0.060 in. sheet
. Preheat 1450F, 20 - 30 min,

975F, 1 hr each

1850F, 20 min, AC, triple temper~ |

aust

360 f\ ™
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40
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Temperature, F

200

-Fig. 3.3.1.7 Effect of low test temperature
on tensile properties of sheet (Ref. 26)
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Fig. 3.3.1.8 Effect of test temperature on tensile
properties for tempering temperatures of 1000
to 1150F of bar and sheet (Ref. 30)
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H-11 Mod ' I I

1 o 2-11 Mod O Test Specimen
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Fig. 3.3.1.9 Effects of test temperature and tempering temperature
on tensile properties of bar (Ref. §1)

Code 1218

Page 30




April 1992 (revision)

Aerospace Structural Metals Handbook
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Fig. 3.3.1.11 Effects of test temperature, holding time
and strain rate on tensile properties of sheet (Ref. 20)
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Fig. 3.3.1.12 Effect of test temperature on tensile
properties of air melt alioy tempered to Fy; = 260 ksi

and 310 ksi (Ref. 22)
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Fig. 3.3.1.13 Effect of test temperature on tensile
properties of ausformed and conventionally
heat treated steel (Ref. 37}
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Fig.3.3.1.14 Effect of test temperature on tensile properties
of annealed sheet (Ref. 34)
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H-11 Mod l ‘ J H-11 mod ’ |
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Fig. 3.3.1.15 Effect of elastic strain rate on yield stress at -
RT and 600F (Refs. 65, 66)
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Fig. 3.3.1.16 Effect of test temperature on tensile
properties of sheet heat treated to F, = 260 and
280 ksi minimum (Refs. 4, 5)
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Fig. 3.3.2.2 Effect of test temperature on compressive
yield strength of sheet (Ref. 7)
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Fig.3.3.2.3 Effect of test temperature on compressive yield
strength of annealed sheet (Ref. 34)
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Fig. 3.3.3.2 Effect of carbon content and test
temperature on Charpy impact strength of air
melt and vacuum melt alloy (Ref. 22)
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H-11 Mod [

Austentized 1850F, AC, + double temper 1G50F, 2 + 2 hrs
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Fig. 3.3.3.1 Effect of temperature on Charpy impact
energy of bar (Ref. 81)
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Fig.3.3.5.1 Effect of test temperature on shear
strength of heat treated bolts (Ref. 10)
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Fig. 3.3.5.2 Effect of test temperature on shear strength of 153
annealed sheet (Ref. 34)
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Fig. 3.3.7.1.1 Effect of test temperature on
notch strength for various stress concentration
factors of sheet (Ref. 15)
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Fig. 3.3.6.1 Effect of test temperature on bearing properties of
annealed sheet (Ref. 34)
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Fig. 3.3.7.1.2 Effect of low test temperature on
notch strength of sheet (Ref. 26)

Code 1218

Page 35




FeUH - rerrous Alioys Aerospace Structural Metals Handbook April 1992 (revision)

H-11 Mod

H-11 Mod | |
0.040 In. sheet
3607 1850F (Argan), 30 min. AC + temper three
times at 1000F, 1 br, AC
320 -
Ky=4 \
280 /
/ Ki=8
200 f /:»J
_ 160 -/ / e
g /U’ Ky=125
r/ See fig. 3.2.7.1.4 for geometry of
80 (=g specimens notch rzdius varied in
these tests 1o give desired K;
40
0
410 -300 -200 -100 0 100
Temperature, F

Fig. 3.3.7.1.3 Effect of low test temperature on notch
tensile strength for stress concentration factors from 4
to 125 (Ref. 15)
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Fig. 3.3.7.1.4 Effect of low temperatures, loading
rates and stress concentration factors on notch
strength of sheet (Ref. 29)
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Fig. 3.3.7.1.5 Effect of low test temperature

and tempering temperature on notch strength

of bar (Ref. 30)
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Fig. 3.3.7.1.7 Effect of low test temperature
and tempering temperature on crack
strength of bar (Ref. 30)
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Fig.3.3.7.1.6 Effect of low test temperature
on crack strength of sheet (Ref. 30}
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Fig. 3.3.7.1.8 Effect of test temperature on crack
strength of sheet (Ref. 35}
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Fig. 3.3.7.2.1 Effect of test temperature on smooth specimen
tensile properties and on fracture toughness of plate (Ref. 42)
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Fig. 3.4.2 Creep rupture curves for alloy at various
strength levels at 700 to 1000F (Ref. 8)
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Fig. 3.4.4 Short time creep and creep
rupture curves at 1000 and 1200F for
sheet heat treated to Fry = 290 ksi (Ref. 20}
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Fig. 34.3 Creep rupture curves at 800 to 1000F for
sheet heat treated to Fyy, = 190 ksi (Ref. 8)
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Fig. 3.4.5 Stress to produce creep rates
of 103 to 103 percent per hr at 700 to
SO00F (Ref. 44)
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Fig. 3.5.1.1 5-N curves for heat treated bar (Ref. 12)
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Fig. 3.5.1.3 S-N curves for notched and smooth specimens at

room temperature (Ref. 28}
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Fig. 3.5.1.2 Fatigue scatter band for bar specimens
from eight separate heats tested in axial tension

{Ref. 61)
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Fig. 3.53.1.4 5N curves for notched and smooth specimens at

BOOF (Ref. 28)
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H-11Mod ' ' |
Preheat 1000 F, aust 1850 F, AC + temper 1025 F, 2 x 2 hr total
200
5o 1000F "\_
a ™~ :
o-_\o\
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Fig. 3.5.1.5 S- N curves for notched and smooth specimens at
1000 F (Ref. 28)
Table 3.5.1.6 Fatigue properties of bar and bolts (Refs. 6-10, 12}
Alloy: H-11 Mod
Form Bar
Condition Heat treated to Fyy = 260 ksi
. Fatigue Strength (ksi)
Stress Ratio Stress
at Cycles
Temp (F) Sovrce Method Concentration ¥
A R 105 106 107 108
RT {7y Rot bend oo -1 Sr;(mu:h 155 135 130 130
=1
Direct v
RT {6) stress 0.82 0.1 155 135 130 130
(10} 173 150 140 .
900 {6) 95 82 80 -
RT (a) (6} 100 60 53 -
Form Threaded bolts
Condition Heat treated to Fy; = 260 ksi
. Fatigue Strength (ksi)
ia {i Stress Ratio
Temp (F) D'a(g']"') Method cﬂni:s:saﬁun al Cycles
A R 105 108 107 108
Direct
RT 3/8 stress 0.82 0.1 112 84 80
1/2 118 94 90 -
900 38 91 81 80 -
RT (a) KT 95 60 55 .
{(a) Tested at RT after exposure at 900F, 100 hr.
(b} Bolt types 3/8 in., 24 EWB: 1/2 in., 20 EWB.
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Table 3.5.1.7 Tensile and fatigue properties at room

temperature and at -320F for bolts machined from bar heat

treated to 240 ksi yield strength {Ref. 60)
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Table 3.5.1.8 Tensile and fatigue properties of bolts
made from material heat treated to several strength

levels (Ref. 60)

Altoy: H-11 Mod Alloy: H-11 Mod
Form Smaoth bar and 1/2 x 20 aireraft balt Form Smaoth bar ang 172 x 20 aircratt bolt
Condition Unspecified heat treatment to obiain —
! tensile praperties shown Condition Unspecified heat treatments to
obtain tensile properties shown
Test temp. TOF -320F
A 8 c
Material . (ksi) 219 302 MateriaiFy  (ksi) 197.7 236.8 288
MaterialFyy — (ksi) 240 263 Material Fyy,  (ksi) 1582 | 1994 2437
e, 4D {percent) 1.5 10.2 e, 4D {percent) 15.5 135 121
RA {percent) 42 39 RA {percent) 477 483 41.4
Charpy impact (a} (ft bs) 5 1.5 Notch ratio atK; = 6 1.4 1.3 1.1
Boft Fyy (ki) 280 297 Bolt Fyy {ksi) 198 239 288.4
Bett, fatigue cycles at 135 kst Fatigue cycles at max. stress
’ 321,100 417, |
max, stress, R = 0 100,000 65,000 approx. 172 Fys (a), R = 0 , 600 700,000
(a) Subsize specimen per ASTM E 23, Type W. (@) 93 ksifor A, 115 ksi for B, 135 ksitor C,
K-11 Mod ' i H-11 Mod ‘ |
Specimen from 1 x 12 x 48 in. plate Specimens from vac metted forged billet 4 x 12 x 30
1850F, 30 min, AC + 1075F, 2hr, AC + 1110F, 3 hr, AC 1850F, 30 min, AC + 1075F, 2 hrs, AC + 1075F, 2 hrs,
‘l IF AC + 1110F, 3 hrs, AC
Axiat Loading ]
R=0.1 Audal Loading
T R=01
100 ransverse 120
z z 7 |
d R A g a\gfal
& &
= 80 b 0.157 o._z_fEL “ 100 \, B 0357 o_zfi‘%
= 1 = H
20,004 18 0.013
K= § K =30
80 B0
& | ol
mSsT -~
m sol_®LT e
108 104 108 106 107 102 04 10% 106 W7

Cycles to Failure

Fig. 3.5.1.9 Low cycle fatigue of notched (Kt = 5.0} specimens

cut from large place. {Ref. 70)
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Cycles to Faifure

Fig.3.5.1.10 Low-cycle fatigue of notched (K; = 3.0) specimens
cut from long and short transverse directions of forging (Ref. 70)
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Fig. 3.5.1.11 Effect of surface machining and grinding
{to remove decarburized layer) on reversed bending
fatigue of sheet (Ref. 72}

Table 3.5.1.12 Fatigue strength at10° cycles in rotating bending for vacuum and air melted alloy in various conditions of
surface treatment after exposure to elevated temperature (Ref. 39)

Alloy: H-11 Mod
Form Rot. beam spec. from 6 in. square air melt or CYM billet
CVM: Fy, =272 ksi, F? =228 ksi, & = 7 percent
Condition (a) Air Meit: Fy, = 264 ksi, Fy, = 222 ksi, e =7 percent
108 cycle. Endurance limits (ksi) at 75F after 4 hr exposure at temperature indicated
75F 375F 500F 750F 1000F 1250F
i 4
Polished Air N N 88 85 81 6
Vac 94 93 90 a0 80 80
Cr plated Air 54 - - 74 80 .
{0.002 in.) Vac 56 60 63 80 87
- 9 87 - - 82 66
Peened (b) Alr 0
Vac 96 94 90 89 89 80
Plated & Air 89 88 87 83 78 72
Peened Vac 9% 94 90 89 88 80
Peened & i
Plated vae % i &

(3) 1850F, 45 min, AC, + double temper 1050F, 2 hr, AC.
{b) .009 to .G10A (on Almen Scale, refers to height of arc of standard strip specimen after being subjected to similar peening o one side only).
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| bath, AC, + double temper 975F, 2 hrs + 1025F, 2 hrs, AC

Rg 55-56. Fy,, = 308 ksi, FW = 257 ksi, & = 9.2 percent

t ] 1
Glass bead peened to Almen intensity .010A (scale refers fo

[ to glass bead peening on one side only) (Ref. 39)
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Fig.3.5.1.13 5N curves in rotating beam bending for
smooth specimens and for specimens subjected to glass
bead peening (Ref. 39)
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Fig.3.5.1.15 SN curves for ausformed and
conventionally heat treated steel (Ref. 37)
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H-11 Mod | ]

0.2 in. dia bar machined from ausformed 0.62 in. dia bar
Consumabie electrode vacuum melted bar hot worked at 2000F
from 2.5 in. dia 0 1.5in, dia, AC, + double anneal 1300F, 3 hrs,

L + 1200F, 2 hrs, + 19G0F, 1 br, AC to 1050F, rolied to 83 percent —
plastic defermation at 1050F, 0Q + double temper at 1000F for
totat of 2 hrs to Rg 60 Fiu = 373 ksi, Fty =294 ksi, RA=33 %

10 i
Total Strain Amplitude, percent

trg3 Closed Symbpls
Designate Failure

*1.95

*1.49

0.1

o.M

12 5 19 2 5 100 2 ¥5 1000
Applied Cycles

Fig. 3.5.1.14 Cyclic strain hardening in ausformed bar as
manifested by reduction in plastic strain range (increase

in elastic strain range) as cycles are increased during strain
cycling tests in which total strain amplitudes are maintained
constant (Ref, 64)
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Fig. 3.5.2.2 Fatigue crack growth rates in air at
roorn temperature (Ref. 97)
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Fig. 3.6.21 Modulus of elasticity at room and elevated
temperatures (Refs. 7, 9, 34)
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Fig.3.5.2.3 Fatigue crack growth rates in air at
650F (Ref. 100)
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Fig. 3.6.2.2 Modulus of elasticity for alloy heat treated
to various hardness levels (Ref. 9}
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