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1 General
H-llModis 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
highstrength is maintained at elevated temperatures.
H-llMod 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 ksicare should be taken to avoid small
defects if used incritical applications. Concern about
the stress corrosion resistance of H-llMod fasteners
has led to a decrease inuse of the alloy insome critical
aerospace applications. Wear resistance can be improved
by surface treatments such as nitriding. H-l1Mod is
widely used in industry for hot work and casting dies,
inordnance for gun barrel and related applications,
and inaerospace for landinggear, arrester hooks, solid
propellant rocket cases, fasteners, and structural sections.

1.1 Commercial Designation
H-ll Mod

1.2 Alternate Designations
AISI Type Hll,SAE Type Hll,UNST208U, A1 Tech
Potomac A,Carpenter No. 882, Chromo-V,GuterlH-ll,
Hot Form No.2.

1.3 Specifications
1.3.1 [Table] AMS Specifications.

1.4 Composition

1.4.1 [Table]AMS Specified Composition.

1.5 Heat Treatment

1.5.1 General. Heat treatment conditions arecriticalwith regard
to developing the desired combinationof toughness and
strength and preventing quench cracking inH-ll Mod.
Good hardenability is conferred inH-llMod 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 isrequired to providehighstrength,but also causes
a low Mf temperature and highaustenite-to-martensite
transformation strains. Highinternal stresses thus can
develop if the quench after austenitizing issevere, espe¬
cially in large sections. Air cooling with or without forced
circulation is appropriate under most circumstances.

1.3Mo

The most stable carbide inH-ll
Mod is VC, which is only partially
dissolved at an austenitizing tem¬

perature of WOOF. Other carbides,
such as McÿC containing dissolved
chromium and vanadium and
chromium-molybdenum-rich
MÿCg,are also present. These
undissolved carbides particles pin
the grain boundaries and help
maintain the highly desirable fine
austenite grain size. As the carbides
dissolve with increasingaustenitizing
temperature, the carbon content of the austenite increases
and the subsequent martensite phase is progressively
hardened. The optimum austenitizing temperature thus
represents inpart a balance between maintenance of a
fine austenite grain size and hardness of the martensite
phase.

Double tempering is required inorder 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 Mf
temperature so that the retained austenite transforms
to martensiteon cooling. This new martensite is then
tempered during the second tempering treatment. At
least two and insome cases three or more tempering
treatments are recommended to minimize retained
austenite and untempered martensite. Retainedaustenite
is particularly undesirable as it can transform during
service and cause distortion or cracking.
H-llModis 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 inwhich some
molybdenum is dissolved. At higher tempering tem¬
peratures, overageing occurs with coarsening of the
VC and additional precipitationof MÿCg. Increased
austenitizing temperature, inaddition to increasing the
carbon content of the martensite, increases the extent
of the secondary hardening reactions. Maintenanceof
properties at highoperating temperatures is promoted
by these secondary hardening reactions.

Alternative explanations for the reactions responsible
for secondary hardening have been advanced, as dis¬
cussed inSection 3.2.3.6. Also the data on relativecarbide
abundance after tempering, presented later inFigure
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-
enization, heat to about 1950F,soak 1hour for each inch
of thickness, and air cool. Anneal immediately after
the part reaches room temperature. There is a possibil¬
ity that H-11Mod may crack during this treatment.

1.5.3 Anneal. Heat to 1550 to 1625Fand hold to equalize
temperature, cool slowly inthe furnace to about 900F,
then morerapidly to room temperature. This treatment
should produce a fully spheroidized microstructure
free of grain boundary carbide networks.

1.5.4 Austenitize. Preheat to 1400 to 1500Fand then raise
the temperature to 1850 to 1875Fand hold 20 minplus
5 minfor each 1inch of thickness, air cool. For section
thicknesses greater than 10inches, austenitize at 1825-
1850Fand oil quench. For parts with abrupt section
changes, quench insalt bath to 800F, hold for 20 to 30
minutes to equilibrate, then air cool to roomtemperature.

1.5.5 Temper. Heat at 950 to 1200F,depending on strength
desired. Close temperature control is important, since
properties change sharply with temperature. Double
temper, 1to 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.

1.5.6 IntermediateAnneal. Heat to 1200to 1250F,4 hours,air
cool. This treatment is used to achieve greater dimen¬
sional accuracy inheat treated parts by intermediate
annealing rough-machined parts, then finish machining,
and finally heat treating to the desired hardness.

1.5.7 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).

1.6 Hardness

1.6.1 [Figure] End quench hardenability.

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

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

1.6.4 [Figure] Effect of austenitizing temperature and temper¬
ingtemperature on hardness for a single tempering
treatment.

16.5 [Figure] Effect of austenitizing temperature and temper¬
ingtemperature on hardness for a double tempering
treatment.

1.6.6 [Figure] Effect of austenitizing temperature and temper¬
ing temperature on hardness for a triple tempering
treatment.

1.6.7 [Figure]Effect of low temperature on hardness of sheet.

1.6.8 [Figure] Hot hardness of bar austenitized at 1825 or
1900Fand tempered at temperatures from 1025 to 1225F.

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

1.7 Forms and Conditions Available
1.7.1 H-11Modis available in the form of forgings, extrusions,

billets, plate, sheet, strip, bar, rod, and wire.

1.8 Melting and Casting Practice
1.8.1 Standard practice includes electric furnace air melting,

inductionvacuum, and consumable electrode vacuum
melting. Vacuum arc remelting, vacuum degassing,
and electroslag refining are effective inproducing
cleaner, finer-grained, and more uniformalloy with
greater freedom from segregation and harmful impuri¬
ties and with improved toughness.

1.9 Special Considerations
1.9.1 Decarburization can occur during heat treatment unless

special precautions are taken. Heat treatments should
be conducted ina neutral atmosphere furnace or salt
bathor withparts packed ina neutralpackingcompound.

1.9.2 Parts should be protected from hydrogen
embrittlement by baking for a minimumof 24 hours at
375For higher after platinginan acidbathor after other
processing that might introducehydrogen into the metal.

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

1.9.4 Alloy has low fracture toughness after tempering at
1000Fto 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

2 Physical Properties and Chemical
Environmental Effects

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

2.1.2 Phase Changes.

2.1.2.1 [Figure] Time-temperature-transformation
diagram.

2.1.2.2 The 111 diagram for transformation of auste-
nite to pearlite exhibits the usual C curve with
the nose temperature at 1330F and the bay
temperature inferred to be approximately
1200F,as shown inFigure 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 inthe pearlite nucleation
rateper unit volume of material (Ref. 87,p. 776).
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2.1.2.3 The Acl transformation temperature from ferrite
to austenite on heating is 1505-1580F. The Aÿ
temperature on cooling is 1490-1445F.

2.1.2.4 [Figure]Relative carbide intensity (abundance)

as a function of tempering temperature.

2.1.3 Thermal Conductivity.

2.1.3.1 [Figure] Thermal Conductivity.

2.1.4 Thermal Expansion.

2.1.4.1 [Figure] Thermal Expansion.

2.1.5 Specific Heat,0.11 Btu per lb F.

2.1.6 Thermal Diffusivity.

2.2 Other Physical Properties
2.2.1 Density,0.280 lb per cu. in. 7.75 gr per cu. cm.

2.2.2 Electrical Properties.

2.2.2.1 [Figure] Electrical resistivity.

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

2.2.4 Emittance.

2.2.4.1 [Figure] Emittance.

2.2.5 DampingCapacity.

2.3 Chemical Environments

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

2.3.2 Stress Corrosion.

2.3.2.1 H-11 Mod has good stress-corrosion resistance
as compared to other non-stainless steels heat
treated to comparable strength levels, as shown
inFigure 2.3.2.2. The good stress-corrosion
resistance of H-11Modmay 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 inFigures 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
indistilled water, as shown inFigure 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 2.3.2.9 and 2.3.2.10).

2.3.2.2 [Figure]Comparison of stress-corrosion crack¬
ingcharacteristics of alloy with corresponding
behavior of several other martensitic steels

heat treated to tensile strength levels of approx¬
imately 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.

2.3.2.5 [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 indistilled
water and inaqueous 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 inaccelerated tests for alloy in
three conditions.

2.3.2.8 [Table]Plane strain fracture toughness and
threshold for stress-corrosion cracking in3-1/2
percent NaClaqueous solution.

2.3.2.9 [Figure]Sustained load crack growth rate in
humid argon and indistilled water.

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

2.3.2.11 In the heat treated condition for Fÿ = 245 ksi,
alloy is susceptible to severe rusting (accom¬

panyingstress-corrosion cracking) when sub¬
jected to a moist chloride environment or a
semi-industrial atmosphere (Ref. 50, p.4).

2.3.2.12 H-11Mod double tempered at 970 or 1100Fis
not subject to stress corrosion when exposed
inhydraulic oil (Ref. 89, pp. 347-353).

2.3.2.13 Pitting and stress corrosion can result from
use of manufacturing chemicals high insulfur
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
additionof thermally stable corrosion inhibitors
such as triethanolamine reduces the corrosivity
of these chemicals (Ref. 90, pp. 59-65).

2.3.3 HydrogenEmbrittlement.

2.3.3.1 Hydrogenembrittlement 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 inhydrogenembrittlement for
material having Fm of 200 ksi or higher. Ap¬
provedplatingmethods should be followed by
baking at temperatures ranging from 375F for
23 hours to 950F for short times (Ref. 57, p. 127).

2.3.3.2 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] Notchstrength inheliumand hydrogen
at 10 ksi pressure.

2.3.3.4 The diffusivity of hydrogen inH-l1Mod at
72F is 3 x 10"® cm2/sec. (Ref. 91, p.437).

2.4 Nuclear Environments

2.4.1 H-11Mod has good resistance to swelling following
high fluence neutron irradiation. As shown inFigure
2.4.2, swelling inH-11Mod 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-11Mod shows promise for fusion reactor
first wall applications in terms of swelling resistance
(Ref. 92, pp. 969-973).

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

3 Mechanical Properties

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

3.2 Mechanical Properties at RoomTemperature
3.2.1 Tension Stress-strain Diagrams and Tensile Properties.

3.2.1.1 Stress-strain relations.

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

3.2.1.2 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 inFigure 3.2.1.2.2. Transverse tensile
properties are similar to longitudinal tensile
properties (Figure 3.2.1.2.3). Increased carbon

content increases the tensile strength of hard¬
ened and tempered alloy, while vacuum melt¬
ingresults inimproved tensile ductility (Figure
3.2.1.2.4).

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

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

3.2.1.2.3 [Figure] Effects of tempering at 1000
to 1100Fon 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 alloy.

3.2.1.3 Exposure effects. Exposure at temperatures of
-300F and lower results in increased strength
and decreased ductility on subsequent room
temperature testing, shown inFigure 3.2.1.3.1.
This behavior may result from additional aus-
tenite-to-martensite transformation. The approx¬
imatehigh temperature time-temperature
limits for stability of mechanical properties are
shown inFigure3.2.1.3.2.

3.2.1.3.1 [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.

3.2.1.4 Thermomechanical processing effects. Defor¬
mation during or after heat treatment increases
strength and slightly decreases ductility. The
effects of warm rollingafter austeriitizing
(ausforming) on the properties of untempered
alloy are shown inFigure 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, 3.2.1.4.3, and 3.2.1.4.4.
Strength increasesarealso effected by prestraining
and aging material which has been previously
austenitized and tempered, shown inFigure
3.2.1.4.5.

3.2.1.4.1 [Figure] Effects of rollingon tensile
properties of austenitized sheet.

3.2.1.4.2 [Figure] Effectsof forging and temper¬
ingon tensile properties of austenitized
steel.

3.2.1.4.3 [Figure] Effects of forging and tem¬
peringon tensile properties of
vacuum melted alloy.
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3.2.1.4.4 [Figure] Effects of tempering tem¬
perature on yield strength for con¬
ventional alloy and ausformed alloy.

3.2.1.4.5 [Figure] Effects of pre-straining on
tensile properties of austenitized and
tempered sheet.

3.2.1.5 Environmentaleffects.

3.2.1.5.1 [Table]Tensile properties of bar inair
at atmospheric pressure and inhelium
and hydrogen at 10ksipressure.

3.2.2 Compression Stress-strain Diagrams and Compression
Properties.
3.2.2.1 [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.

3.2.3 Impact.
3.2.3.1 The impact energy of H-11Mod decreases

with increasing tempering temperature to a
minimum at about 900F, then increases with
further increases in tempering temperature,
shown inFigures 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
vacuum meltingon impact energy are also
illustrated inFigure 3.2.3.4.

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

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.

3.2.3.5 [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-11Mod. One possible cause involves
the carbide precipitation reactions discussed
earlier inSection 1.5.1.A second possibility
relates to alloy composition. As shown inFig¬
ure 3.2.3.7, both commercial H-11Mod 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

effects of both time and temperature of
retempering on impact energy, the results of
which are shown inFigure 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
embrittlement.

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

3.2.3.8 [Figure]Effectsof retemperingtime and tempera¬
ture on Charpy impact energy and hardness.

3.2.4 Bending.
3.2.5 Torsion and Shear.

3.2.6 Bearing.
3.2.6.1 [Table]Typical bearing and shear properties.

3.2.7 Stress Concentration.

3.2.7.1 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
isessentially absent for material tem¬
peredat 1200F,as shown inFigures
3.2.7.1.2 and 3.2.7.1.3. Increasingstress
concentrationfactor andincreasing
lengthof initial fatigue crack both
sharply reduce the notchstrength of
material tempered at 1000or 1060F,
but less strength reduction is noted for
material tempered at 1100or 1150F(Fig¬
ures 3.2.7.1.4 and 3.2.7.1.5). Increased
carbon content is beneficial to notch
strength. As illustrated inFigure
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.

3.2.7.1.4 [Figure] Effects of stress concentration
on notch strength of heat treated
sheet.

3.2.7.1.5 [Figure] Effects of initial crack length
on net section strength for sheet heat
treated to Fÿ from 200 to 300 ksi.
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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.

3.2.7.2.1 Increasingaustenizing temperature
decreases the fracture toughness for
material subsequently tempered to
medium strength-high toughness at
1202Fbut not for material tempered
to highstrength-lower toughness at
1022F. Also, decreasing the volume
percent of microstructural inclusions
by argon ladling increases the fracture
toughness of the 1202F-tempered
materialbut not of the 1022F-tempered
material,as shown inFigure 3.2.7.2.2.
Tempering temperature significantly
affects fracture toughness. A minimum
infracture 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 inTables 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
3.3.1 Tension Stress-strain Diagrams and Tensile Properties.

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

3.3.1.2 [Figure]Stress-strain curves at roomand elevated
temperatures for materials heat treated to Ftu =
260 ksi.

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

3.3.1.4 [Figure]Stress-strain curves at roomand elevated
temperatures for sheet heat treated to Fÿ -
280 ksi.

3.3.1.5 [Figure] Stress-strain curves at roomand 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.

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

3.3.1.9 [Figure]Effects of test temperature and temper¬
ingtemperature on tensile properties of bar.

3.3.1.10 [Figure] Effect of test temperature on tensile
properties of bolts heat treated to Fm = 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 Fm=
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 onyield
stress at RT and 600F.

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

3.3.2 Compression Stress-strain Diagrams and Compression
Properties.

3.3.2.1 [Figure]Stress-strain curves incompression at
roomand 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.

3.3.3 Impact.

3.3.3.1 [Figure] Effect of temperature onCharpy 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.

3.3.4 Bending.
3.3.5 Torsion and Shear.

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

3.3.5.2 [Figure]Effect of test temperature on shear
strength of annealed sheet.

3.3.6 Bearing.
3.3.6.1 [Figure] Effect of test temperature on bearing

properties of annealed sheet.

3.3.7 Stress Concentration.

Code 1218
Page 6



April 1992 (revision) Aerospace Structural Metals Handbook Ferrous Alloys • FeUH
H-11 Mod

3.3.7.1 Notchproperties.

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

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

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

3.3.7.1.4 [Figure] Effect of low temperatures,
loading rates and stress concentration
factors on notch strength of sheet.

3.3.7.1.5 [Figure] Effectsof low test temperature
and tempering temperature on notch
strength of bar.

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

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

3.3.7.1.8 [Figure] Effect of test temperature on
crack strength of sheet.

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.

3.4 Creep and Creep Rupture Properties
3.4.1 [Figure] Creep rupture behavior at 900 to 1200F for two

tempering temperatures.

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

3.4.3 [Figure] Creep rupture curves at 800 to 1000Ffor sheet
heat treated to = 190 ksi.

3.4.4 [Figure]Short time creep and creep rupture curves at
1000 and 1200Ffor sheet heat treated to =290 ksi.

3.4.5 [Figure]Stress to produce creep rates of 10"3 to 10"5 per¬
cent per hour at 700 to 900F.

3.5 Fatigue Properties
3.5.1 Conventional Fatigue.

3.5.1.1 [Figure]S-N curves for heat treated bar.

3.5.1.2 [Figure] Fatigue scatterband for bar specimens
from eight separate heats tested inaxial tension.

3.5.1.3 [Figure]S-N curves for notched and smooth
specimens at room temperature.

3.5.1.4 [Figure]S-N curves for notched and smooth
specimens at 800F.

3.5.1.5 [FigurelS-N curves for notched and smooth
specimens at 1000F.

3.5.1.6 [Table] Fatigue properties of bar and bolts.

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

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

3.5.1.9 [Figure] Low-cycle fatigue of notched (Kt = 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 surfacemachiningand grinding
(to remove decarburized layer) on reversed
bending fatigue of sheet.

3.5.1.12 [Table] Fatigue strength at 106cycles 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]S-N curves in rotatingbeambending
for smooth specimens and for specimens sub¬
jected to glass bead peening.

3.5.1.14 [Figure]Cyclic strain hardening inausformed
bar as manifested by reduction inplastic
strain range (increase inelastic strain range) as
cycles are increased during strain cycling tests
inwhich total strain amplitudes are maintained
constant.

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

3.5.2 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 inFigure 3.5.1.2.
This behavior is observed also with other high
strength martensitic steels. The exponent "m"
in the relation

da/dn = CAKm

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

3.5.2.2 [Figure] Fatigue crack growth rates in air at

roomtemperature.

3.5.2.3 [Figure] Fatiguecrack growth rates inair at 650F.

3.6 Elastic Properties
3.6.1 Poisson's Ratio, 0.281.

3.6.2 Modulus of Elasticity.

3.6.2.1 IFigure]Modulusof elasticity at room and
elevated temperature.
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3.6.2.2 [Figure]Modulus of elasticity for alloy heat
treated to various hardness levels.

3.6.2.3 [Figure]Modulusof elasticity incompressionat

room and elevated temperatures for annealed
sheet.

3.6.3 Modulus of Rigidity.
3.6.4 Tangent Modulus.

3.6.4.1 /Figure]Tangent modulus curves at room and
elevated temperatures for bar heat treated to

Fm = 260 ksi.

3.6.5 Secant Modulus.

4 Fabrication

4.1 Forming
4.1.1 General. This alloy, in the fully annealed condition,

canbe readily formed by all common methods.

4.1.2 Forging. H-11Mod is readily forged at temperatures
inthe range 1950 to 21OOF. Forgingstock should be
preheated at 1500Fto insure temperature uniformity,
then slowly further heated to the forging temperature.
Forgingshould 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 simple forgings may be cooled
slowly in lime or dry ashes, but larger parts should be
soaked at 1450Fafter forging and furnace cooled.
Forged parts should thenbeannealed as soon as possible.

4.1.3 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 Fÿ =
260 to 280 ksi.

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

4.2 Machining and Grinding
4.2.1 H-l1Mod is readily machinable in the annealed condi¬

tion. It has a machinability rating of 55-75 compared to
100 for a 1percent carbon tool steel or about 40-50
compared to 100for Bill2. 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).

4.3 Joining
4.3.1 Fusionwelding is accomplished using inert gas shield¬

ingor 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 ina furnace or inan

insulatingmedium 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
retemperedafter welding. Maximumstrength inwelded
tanks may be obtained after an intermediate temper at
1050F,as shown in Figure4.3.2. 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.

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

4.4 Surface Treating
4.4.1 Conditions having higher strength than 200 ksi should

be cleaned by mechanical methods or by anodic pick¬
ling. Acid or alkaline picklingor cathodic cleaning can
result inhydrogen embrittlement.

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

4.4.3 Chemical milling may be accomplished ineither the
annealed or heat treated conditions. Baking of heat
treated parts after chemical milling is recommended.
The mechanicalproperties of sheet heat treated to Fÿ =
280 ksi minimum and milled from 0.200 to 0.100 in
thickness were found to be unchanged.

4.4.4 The surface of H-11Mod can be hardened using either
conventional nitridingor ion nitriding techniques.
Temperatures employed are frequently inthe range
1000 to 1100Finorder to obtain the best efficiency and
yet avoid formation of the epsilon-prime ironnitride
phase, which flakes off easily. Ionnitriding can be
accomplished at temperatures as low as 300F. Nitro¬
gen and hardness profiles for H-11Mod ionnitridedat
4S0F are shown inFigure4.4.5. The calculated diffusivity
of nitrogen inH-11Mod at this temperature is 1.74 x
1010cm2/sec. (Ref. 99, p. 1495).

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

Alloy: H-11 Mod

AMS Specification Product Form

6437D Sheet, Strip, and Plate

6485F Bars, Forgings, and Forging Stock

6487F
Bars, Forgings, and Forging Stock
(premium quality, consumable electrode vacuum
melted)

6488C
Bars, Forgings.and Forging Stock
(premium quality)

Alloy: H-11 Mod

Element
Percent

Min Max

Carbon 0.38 0.43

Chromium 4.75 5.25

Molybdenum 1.20 1.40

Vanadium 0.40 0.60

Silicon 0.80 1.00

Manganese 0.20 0.40

Copper - 0.35

Nickel - 0.25

Phosphorus - 0.020 (a)

Sulfur - 0.020 (a)

Iron Balance

(a) Max phosphorus and sulfur contents are 0.015
percent for AMS 6487F and AMS 6488D.

70

60

50

H-11 Mod
Quenched from
temp indicated ---1800F

- 1850F
1900F

0 10 20 30 40 50
Distance from Quenched End, Sixteenth in.

Fig. 1.6.1 Endquench hardenability (Ref. 9)

60

H-11 Mod
1 in. dra x 3 in. long bar
1350F. 1 hr + austenitized. Q as indicated

i
o Air Quenched
ÿ Oil Quenched

1800 1900 2000 2100 2200
Austenitizlng Temperature, F

2300

Fig. 1.6.2 Effect of austenitizing temperature and
type of cooling on hardness (Ref. 82)
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54

56

£ 48

S 40

32

24

1

H-11 Mad
Ausl 1825-1850F, 30
Temper 3 x 2 hr each

min.AC +

Perce
O 0.36 V

- •0.48
A 0.40
ÿ 0.305
ÿ 0.22

ntC
lacuum Meit

Air Melt 1

i

900 1000 1100 1200
Tempering Temperature, F

1300

Fig. 1.6.3 Effect of carbon content and
tempering temperature on hardness of air
melt and vacuum melt alloy (Ref. 22)

60

50

40

30

H-11 Mod
7/8 in. round x 1in. long
Preheated 1500F ÿ austenitizing as indicated,
5 min, AC + temperas indicated, 2 hr

At stenitizing Temp

1900F
1850F
1800F

_
S.
>»\- —" - —*

*x\

A
1

200 1000 1200400 600 800
Tempering Temperature, F

Fig. 1.6.4 Effect of austenitizing temperature and
tempering temperature on hardness for a single tempering
treatment (Ref. 38)

x 60

50

40

30

: i
H-11 Mod

" 7/8 in. round x 1 in. long
Preheated 150DF + austenitize

, 5 min, AC + tempering temp as
as indicated
indicated, hr+ repec t temper

Austi
I

nitizing Temp
I

1850F~~--' ~--A_ 1800F---- • " >

\%
\

200 400 600 800 1000
Tempering Temperature, F

1200

Fig. 1.6.5 Effect of austenitizng temperature and
tempering temperature on hardness for a double tempering
treatment (Ref. 38)

- H-11 Mod
7/8 in. round x 1 in. long
Preheated 1500F + austenitized as indicated_ 5 min, AC + tempering temp as indicated,
2hr+ repeat temper twice

Austenitizing Temp

1900F
1850F
1800F

200 100D 1200400 600 800
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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ÿ400

H-11
0.085

Mod
in. sheet

V F,u= 312 ksi

•200 -100

Temperature, F

100

Fig. 1.6.7 Effect of low temperature on hardness of sheet
(Ref. 26)

i I i
H-11 Mod
Bar
Preheated 1500F + austenitize as indicated
+ two tempers ot 2 hrs each at temp indicated, AC

0ÿ £ Aust 1900F, 5 min. AC
OAust 1825F (sail), 8 min, OQ

Tempered at 1025F-
(initial RT hardness 55 Rc)

Tempered at 1125F
(15 R-)

Tempered at 1100F

Tempered at 1225F
(35 Rc)

900 1000 1100
Test Temperature, F

1200

Fig. 1.6.8 Hot hardness of bar austenitized at 1825 or 1900F,
and tempered at temperatures from 1025 to 1225F(Ref. 38)

H-11 Mod
Austenitized 1830F, 0.5 hr

1500
Pearlile Fraction

5 1400

PeariiteAustenite
" 1300

1200

1100
8$ 8 2 4 62 a

H-11 Mod
Austenitized 1850F,AC * double tempered
at indicated tempering temperature, 2 12 hrs

Tempering
Temperature. F

O 1050

° 1100
A 1150

60

40

20

0
400 600

Temperature, F
800 1000 12000 200

Time, hr

Fig. 1.6.9 Hot hardness after tempering at 1050 to 1150F(Ref. 81) Fig.2.1.2.1 Time-temperature-transformation
diagram (Ref. 87)
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Strong

Medium

Weak

0

H-11 Mod
Tempered 2 tirs at
Carbide analyses
X-ray diffraction.a

I

indicated temperature
y electron diffraction,
nd electron microprobe

| I M2CIMA I +M,C,

XM6C
(/ \
/

200 400 600 800 1000 1200
Tempering Temperature, F

1400

Fig. 2.1.2.4 Relative carbide intensity (abundance) as a
function of tempering temperature (Ref. 88)

26

24

_ 22

cr
M

£. 20

Q.

I18

16

14

H-1
i

IV
Mod

\
Thernlal Conductivity

200 400 600 800 1000 1200 1400 1600
Test Temperature, F

Fig. 2.1.3.1 Thermal Conductivity (Ref. 38)

8.0

7.6

= 7.2

6.4

6.0

H-1
-

Mod

Hardenedÿ --C,

\
/<£ \ Ar nealed

Mean coeff linear
' to tempe

tfiermai e
nature inc

xpansion
from R cated

200 400 600 800 1000 1200 1400 1600
Test Temperature, F

Fig. 2.1.4.1 Thermal Expansion (Ref. 38)

30

25

20

15

H-11 fo
Bar - s

i---
lod
ress relief a

-
nnealed

200 400 600 800
Temperature, F

Fig. 2.2.2.1 ElectricalResistivity (Ref. 75)
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1.2

0.8

0.4

f 0.8

0.4

0.8

0.4

H-11 Mod

As received
Heated in air

1000F, 30 min
Heated in vacuum

10008, 30 min

Wave Length 2 y

i
Wave I ength 8 u

•3+

Wave Length 15 y 'IP

0 400 800 1200 1600
Temperature, F

Fig.2.2.4.1 Emittance (Ref. 25)

1000

S 100

10

1

_I

H-11 Mod
6 3/4 x 1x 0.025 stress corrosion specimen machined

from 8x8x12 billet
1850F, 1/2 hr, 00 + temper three times tor 3 hrs at
1000to 1150F as required to ohtain appropriate F,y

Specimen stressed by holding in jig in bending.
Mounted on ferris wheel and immersed in aqueous
3.5 percent NaCI solution for 8 min.of each hr

'40 -
40

60

"0"
50

Numbers denote applied
stress in percentage of Fty

ÿ
Air melt

Vacuum melt '

90

100 200 250150
Applied 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)

H-11 Mod 1 | I
.078 in. sheet machined to .050 in. thick at cracked

center section
1850F, 1/2hr in salt, AC +'temper two times at _

10S0F. 2 hrs
Ftu = 244 ksi

I = 206 ksi
e = 10.2 percent

3/8 dia hole _
app|je() stress intensity

Kc = stress intensity at
fracture in air

Tested in 3N NaCI

18 Ni
/ Maraging

D6AC—

9N-4CO-.45C

103 10J
Time, minutes

Fig. 2.3.2.2 Comparison of stress corrosion cracking
characteristics of alloy with corresponding behavior of
several other martenistic steels heat treated to tensile
strength levels of approximately 240 ksi (Ref. 56)
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240

200

<D

1160
<0

o

2?

1120

60

40

H-11 Mad
0.200 in. dia bar from 4x12 billet
1850F, 1/2 hr, AC +ÿ temper twice 1025F, 2 hrs,
AC + temper once for 2 hrs at temp indicated

Tested in short transverse direction, unnoiched
specimen

To 245
hrs

0

Axial_ Expo
5 min
15 m

stress - 20
sure cycle-
in 5 perce

n inair

Oksi /nt NaCl /
/

<-

/ 0

§-
y

1040 1120 11401050 1080 1100
FinalTemper Temperature, F

Fig. 2.3.2,4 Effect of temperature of final temper
on stress-corrosion resistance in 5 percent aqueous
solution of NaCl (Ref. 62)

900 1000 1100 1200
Tempering Temperature, F

Specimen stressed by holding in jig in bending.
Mounted on ferns wheel and immersed in aqueous
3.5 percent NaCl solution tor 8 min of each hr

2 Denotes -
no tailure
in 1000 hrs

H-11 Mod 1 1

6 3/4 x 1 x 0.025 stress corrosion specimen machined
from 8x8x12 billet •

1850F, 1/2 hr, OQ + temper three times for 3 hrs at
1000 to 1150Fas indicated

Fig.2.3.2.5 Effect of tempering temperature on stress-corrosion
resistance of billet {Ref. 63)

. _!_ H-11 Mod ' ' 1 .
.078 in. sheet machined to .050 in. thick at cracked

center section
1850F, 1/2 hr in salt. AC + temper two times at

1060F, 2 hr

«200£

= 244 ksi
Fjy = 206 ksi

e = 10.2 percent
Crack strength in ait

2a 0.7

3/8 in. dia hole
ÿ notch
+ fatigue crack

Failures
Incubation

.(start of crack
growth)

OA Distilled water
•A 3% NaCl

0 1 102 103
Time, minutes

10" 105

Fig. 2.3.2.6 Delayed failure of alloy at 206 ksi yield strength
level when tested indistilled water and inaqueous solution
containing 3 percent NaCl (Ref. 56)
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Table 2.3.2.7 Plane strain fracture toughness and threshold for stress corrosion cracking inseacoast test and inaccelerated
tests for alloy in three conditions (Ref. 47)

Alloy: H-11 Mod

Form 1/4 in. sheet (a)

Vac. Melt Air Melt Air Melt
Condition 2+2 hr@ 1000F 2+2 hr@ 1000F 2+2 hr@ 1100F

F(y 280-300 ksi Fty 280-300 ksi F,, 220-240 ksi

Klc (ksi Vln) 28.5 27.6 52.8

Kiscc (ksl >Tin)
Seacoast (b) 11.4 +5.6 16.7+2.8 39.5 ±4.4
Accelerated (c) 10.8 +1.9 8.6 ±1.4 23.2 + 0.2

(a)

i/2

0M
Y

diameter

r = 0.003
t 0.002
+ fatigue crack

O
Loaded in bending

T
3/4

(b) One face exposed to Pacific Ocean (L.A. Dept. of Water & Power)
(c) Immersed in solution of 200g NaC! per liter distilled water.

Table 2.3.2.8 Plane strain fracture toughness and threshold for
stress corrosion cracking in 3-1/2 percent NaClaqueous
solution (Ref. 52)

Alloy: H-11 Mod

Form 1/2 plate

Condition Quenched and tempered at 110CF

Fty
(Rsi)

K" r-(ksi VTitj
ÿIstc ,-(ksi /in)

188 54 30

Tested at RT in water containing 3-1/2 percent NaCl.

Tested in4-point bending

~To.3 notch
•+ fatigue crack

L-7.5---J

T
1.5
_L

H-11 Mod
.080 in. sheet
HT to Pjy = 230 ksi

Center notched specimens
fatigue cracked

100 percent
humidity
argon

Distilled
water

.24 28
Stress Intensity, ksi /in?

Fig. 2.3.2.9 Sustained load crack growth rate inhumid
argon and indistilled water (Ref. 53)
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Table 2.3.3.3 Notchstrength inhelium and hydrogen at 10
ksi pressure (Ref. 46)

Alloy: H-11 Mod
1in bar machined to notch shown

Xstrx
Form (a) \ T o.iso[

r .0002 K,-6.S

Condition
1850F, 40 min. AC + triple temper 1000F,

2 hr AC

Notch strength (a)
(ksi)

Ductility
(RA)

Helium 253 0

Hydrogen 62 0

Hydrogen after 1 hr
hold at 50 ksi 65 0

Hydrogen after 100 hr
hold at 50 ksi 103 0

(a) Average of replicate tests wrth small variations in geometry and
strength values.

25 30
Stress Intensity, ksi

H-11 Mod
.080 in. sheet_ 1850F, 1/2 hr in argon. AC + triple
temper for 2 hr each in argon f,y :230 ksi

Specimen 3 in. wide x 12 in. long center
transverse slot of 1 in. by elox machining

.to initial radius < .001 in., crack extension.
.050 in. prior to start ot data generation

Relative
humidity - percent

100

Relative humidity varied by adding
moisture to argon environment

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

H-HMc
- 1850F.

EBR - II
- (E > 0.1

d
hr, WQ +

to total flu
UeV)

1050F, 2 hr, W0 irradiated in
ences 0113.2 to 17.8 x 1022 N/

I I

cmr

a H-11 Mod

n\ o type 4 It

a

700 S00 900 1000 1100 1200 1300
Irradiation Temperature, F

Fig.2.4.2 Effect of irradiation temperature on swelling
inH-l1Mod and Type 416 martensitic stainless steel
(Ref. 92)
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Table 3.1.1 AMS-Specified Mechanical Properties (Refs. 77-80)

Alloy: H-11 Mod

AMS Specification 6437D 6485F 6487F, 64880

Form Sheet, Strip, and Plate Bars & Forgings
Bars & Forgings
(premium quality)

Heat Treatment
Austenitize 1825-1875F,

15-25 min, AC
Austenitize 1825-1875F,

15-45 min, AC

Triple Temper, 1000F, 2-3 Hr

Test Temperature RT RT 100tlF RT

Test Orientation L L T L L T(C)

Tensile Properties

Ftu (ksi, min) 260 260 260 175 260 260 (d)

Fty (ksi, min) 220 215 215 135 215 215

e (pet, min) (a) 5 8 10 8 6

RA (pet, min) 30 35 30

Cross-section area
(square inch)

25 to 75 6

75 to 100 6

100 to 150 5

150 to 225 4

225 to 256

Bend Properties

Angle (deg, min) (b)
Thickness (inch)

up to .250 180

.250to .437 90

Note: The original AMS documents should be consulted for complete specification details.
(a) 2 inches or 4 D
(b) Free bend around 3 T diameter
(c) 6488D only
(d) 280 ksi max
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H-11 Mod
Bar

950F300

1000F

1050F
if 200

11OOF

1200F

1300F100

0
0.05 0.10

Strain, in. per in.
0.15 0.200

Fig.3.2.1.1.1 Stress strain curves for bar tempered at
950 to 1300F (Ref. 9)

quenched

200 400 600 800 1000 1200 1400
Tempering Temp, F

H-11 Mod II
Bar I I ! I
1850F, 1/2hr,AC + temper twice for 2 hrs at temp indicated

qoenc

2*200

As
quenched

sheet (13)(17)

H-11 Mod | I
Sheet, bar I
1800 to 1850F, AC + temper 2 x (2 to 3) hrs

a 0.040 in. sheet (8)

900 1000 1100 1200 1300
Tempering Temp - F

Fig. 3.2.1.2.1 Effect of tempering at 900 to 1300Fon
tensile properties of sheet and bar (Ref. 8, 9, 13, 17)

Fig.3.2.1.2.2 Effects of tempering up to 1300Fon tensile
properties of bar (Ref. 40)

Code 1218
Page 18



April 1992 (revision) Aerospace Structural Metals Handbook Ferrous Alloys • FeUH
H-11 Mod

1000 1025 1050 1075
Tempering Temp, F

H-11 Mod I I I
1625F.AC + 1800 to 1850F, AC + temper

a T. 6 in. bar, temper 2 x 1hr
I • T j 10 in. OD, 1.5 in.wall
ftu Oil Extrusion, temper 2x2.5 hr

Fig. 3.2.1.2.3 Effects of tempering at 1000 to HOOF on
transverse tensile propertiesof bar and extrusions
(Ref. 16)

-r-1-
' H-11 Mod
0.060 in. sheet

" Preheat 1450F, 20 - 30 min, aust
1850F, 20 min, AC, triple temper"
975F, 1hr, each

. "After 2nd temper, -
ground to 0.060 in.
to remove possible
decarburoation

1/2hr exposure, tested at RT

-460-400 -200 0
Temperature, F

Fig. 3.2.1.3.1 Effects of low temperature
exposure on tensile properties of sheet
(Ref. 26)

900 1000 1100 1200 1300
Tempering Temp, F

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)

1200

1100

51000

900

800

H-11 Mod
Temper 3 x 2 hrs

I
Tempering temperature, F
1150 \
1100 N X
1050 \ Ftu. ksi

1000 \ \X 175

V \ 220

260
290

1 100 1000 10.000
Exposure Time, hr

Fig.3.2.1.3.2 Maximum temperatures for
stability of mechanical properties for
various exposure times (Ref. 6)
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H-11 Mod

O 20 40 60 80
Deformation, percent

Fig. 3.2.1.4,1 Effects of rollingon tensile
properties of austenitized sheet (Ref. 31)

H-11 Mod I
'2 3/4 in. sq. 5 in. long preforms
Aust 1875F, 2 3/4 hrs
Forged at 1900 to 11OOF
_I I

I i
• 400F, 1to 2 hrs +400F, 3/4 hr
a 600F. 1to 2 hrs + 6O0F, 3/4 hr_ ÿ 800F, 2 hrs + 800F, 3/4 hr
ÿ 1000F, 3/4 hr
0 1100F. 1to 2 hrs, 110OF, 3/4 hr

0 20 40 60 80
Deformation, percent

Fig.3.2.1.4.2 Effects of forging and tempering
on tensile properties of austenitized steel
(Ref. 32)

H-11 Mod I I
0.15 in. final thickness sheet
Aust 1900F, 1 hr per in. thickness

-+
Rolled at temp - F

•900
a 1100
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360

320

c
280

240

200

160

H-11 Mod i I I I I

8 in. long x 0.5 in.wide with 2 in. gage length

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

Ausformed (deformed 65
percent in bay between
transformation bands
of pearlite and bainite)

conventional

900 1000 1100
Tempering Temperature, F

1200

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

Fig. 3.2.1.4.3 Effects of forging and tempering
on tensile properties of vacuum melted alloy
(Ref. 69)

Table 3.2.1.5.1 Tensile properties of bar inair at
atmospheric pressure and inhelium and hydrogen at 10
ksi pressure (Ref. 46)

Alloy: H-11 Mod

Form
1inch bar machined to

tensile spec.

Condition
1850F, 40 min., AC + triple temper

1000F, 2 hr. AC

F,u(ksi)
e,1 in.
(pet)

RA (pel)

Air at atmosphere press 293 11 30

He at 10 ksi press 299 8.8 30

He (hydrogen contaminated)
at 10 ksi press 278 1.4 1.2

Hydrogen,at 10 ksi press 170 0 0

Hydrogen,after 1 hr hold at
128 ksi stress

171 0 0

Hydrogen, after 100 hr hold at
128 ksi stress

166 0 0

0 20 40 60 80 100
Percent Deformation

400

1*360
J*

t/f
t/3
03

53 320

H-11 Mod
Open die forging
1900F + Ausform as indicated in bay bet
transformation bands of pearlite and bail
oil quench + double temper two hrs at 1C

H-11 Mod
0.080 to 0.100 in. sheet
Aust 1850F, 30min,AC + temper 1000F,
2 x2 hrs
Prestrained and

Age Temp

• 600 F
O 800 F

0.4 0.8 1.2
Pre-Strain, percent

Fig. 3.2.1.4.5 Effects of pre-straining on
tensile properties of austentized and
tempered sheet (Ref. 36)
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H-11 Mod

I IK-11Mod I I I
Bar 0.2 in. d:a for tension 0.333 in. dia for comp
1850F, 2 hrs. 00 + triple temper 1050F, 1hr, AC
III III

A Compression, using special machine for alignment, and teflon
lubricant to reduce friction

OTension, with intermittent die drawing to eliminate necking
ÿ Tension, data corrected for necking

H-11 Mod I I I
.0.2 in. dia bar machined from ausformed 0.62 in. dia bar

Consumable electrode vacuum melted bar hot worked at 2000F
from 2.5 in. dia to 1.5 in. dia. AC, t double anneal 1300F,3 hrs,

. + 1200F,2 hrs + 1900F, 1hr, AC to 1050F. rolled to 83 percent
plastic deformation at 1050F, OQ + double temper at 1000F for
total of 2 hrs, to Rc 60, Ftu = 373 ksi, Fty = 294 ksi, RA = 33%

Compression —v

i-V

.30 .40
True Strain

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

Tension

.005 .010 .015
True Strain

.020 .025

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

80

60

40

20

H-11 Mod | | I
Standard Charpy V specimen
1850F, 1/2 hr,AC + temper twice for two hrs at
temp indicated

IE Charpy V

o—

ÿO-,
-d

RTO

-321 F

0 200 400 600 800 1000 1200 1400
Tempering Temperature, F

Fig. 3.2.3.2 Effect of tempering temperature on Charpy impact
energy at RT and -321F (Ref. 40)

60

.50

40

30

H-11 Mc
Anneale
0.5 hr +
Charpy

d, Rod
1470F, 2

temper al
/-notch

hrs ÿ aust
ndicated t

-TV

entized 18
emperatur

30F,
b, 5 hrs

\\\

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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Fig. 3.2.3.4 Effect of carbon content and
tempering temperature on Charpy impact
strength of air melt and vacuum melt
.alloy (Ref. 22)

H-11 Mod I I I
Specimens Irom 8 x 8 x 12 billet
18S0F.45 min, OQ + temper three times
tor 2 hrs each at temp indicated

320

1280
w

240

200

20

izod
Impact —
Energy

T 10

600 800400 1000 1200 1400
Tempering Temperature, F

Fig.3.2.3.5 Effect of tempering temperature
on tensile and yield strength and on Izod
impact energy (Ref. 63)

40

H-11 Mod.VARbar
H-11 Mod. OMn, OMnSi, VIM bar
1500F, 1hr + 1850F, 0.5 hr. OQ + temper,

" 1 hr, salt bath, WQ
Charpy V • notch, L - T orientation

i i i i

•ÿ
A

Commercia
.aboratory
jboratory

%
1 Heat .(

Heat < .
Heat < .

Wn % Si
10 .98
)1 .92
)1 <.01/

200 400 600 800 1000 1200
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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Aust 1825 - 18S0F, 30 min, AC + temper
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Average 10 tests -

Percent C
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H-11 Mod

ÿ5 280
to
X

260

240

40

7 3°

sP

i20
UJ

u
nj

CL

E
10

H-11 M
Austen
cool to
indicate

od
trzetf 1760
-385F + 1
dtempera

i
F. 0.25 hr + 1310F, 5
310F, 2 hrs + retemp
lure and time, WO

1

hrs + —
ÿrat

1
Retemper Time----2 hr

24 hr

/'

Charpy /- notch

/

/«

\
\ s\

\
\

1
J

800 900 1000 1100 1200 1300
Tempering Temperature, F

Fig. 3.2.3.8 Effectsof retempering time and
temperature on Charpy impact energy and hardness
(Ref.93)

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

Alloy: H-11 Mod

Form Sheet

Concfition
Ftu (ksi)

260 to 280 280 to 300

Thickness (in.) 0.063 0.063 0.078 0.063 0 063 0.078

Fpru (ksi)

e/D=1.5 L - - 378 - - 432

e/D=2.0 L 512 477 - 547 525 -
e/D=2.0 T 509 - - 529 - •

Fbiy (ksi)

e/D=1.5 L - - 316 - - 369
e/D=2.0 L 364 338 - 388 380 -
e/D=2.0 T 371 - - 392 - -

Fsu (ksi) L 170 166.5 170 178 184 186

Fsu (ksi) T 171 169 171 183 186 187.5

FsiAtu (avg) 0.631 0.635 0.642 0.634 0.635 0.635
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H-11 MOD
0.063 in. sheet
1850 F, 1/2 hr, AC + temper 3 x 1 hr

0.700 1.000_ 200
r < 0.001

L)Notch
TJ Strength

1000 1150 1100 1150 1200
Tempering Temp-F

Fig. 3.2.7.1.2 Effects of tempering temperature on notch
strength of sharply notched sheet. (Ref. 13)

360

320

280

240

200

160

120
1.6

H-11 MOD '0.063 in. sheet
Temper 3 x 1 hr each

—»*! aj*- fatigue

— w —

>-K -<

Ftu

2i= 0,3
W

Tool culeope .
notch

1.2

w Specimen type

1 in.l3 in.
A A

• D
Fatigue center crack
Tool cut edge notch

900 950 1000 1050 1100 1150
Tempering Temp, F

Fig. 3.2.7.1.3 Effects of tempering temperature on
sharp notch strength ratio for sheet. (Ref. 27)

Stress Concentration Factor - K,
I_!

_
i_
_

l
_

2
_LJ

0 0.025 0.005 0.002 0.001
Notch Root Radlus(r), in.

Fig. 3.2.7.1.4 Effects of stress concentration
on notch strength of heat treated sheet.
(Refs. 13,15)
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H-11 Mod

H-11 Mod I I i
0.1 in. sheet machined to .070 in.
1850F, 45 min, AC + temper
twice for 2 1/2 hrs at 1000, 1060.
or 1150F to obtain desired F,u

1100

i—i—r

— machined hole + fatigue crack
gross section stress = 1/2 Fjy

250

5 200

150

100

50
0 0.1 0.2 0.3 0.4 0.5 0.6

Initial Fatigue Crack Length, in.

Fig.3.2.7.1.5 Effects of initial crack length
on net section strength for sheet heat treated
to from 200 to 300 ksi (Ref. 58)

1200
lb

§ 1100
to
CL
E
to»—

£1000
5
o.
E
S

900

0.8

£ 0.4

H-11 Mod
0.063 in. sheet
Aust1850F, 30

I
min, AC, temper 3 x 1 h each air me It

F,u

0.23 C- v C

X/
.43 C

RT
/

0.26 C 1

0.29 C
1

0.39 C 1

0.43 C

hv 0.39 C

- 0.29 C

|0.700 1.000 f I"*
{L=ÿ=1_ÿ_LJ 0.23

f h0.0007 max

C f
0.26 C

160 280 320200 240
Ft„ - ksi

Fig.3.2.7.1.6 Effect of carbon content and strength
on sharp edge notch tensile strength ratio of air melt
and vacuum melt sheet (Ref. 17)

100

40

£ 20

H-11 Mod
Austenitized at indicated temperature.
1 hr. OQ plus tempered at indicated
temperature. 2 hrs, AC
Tested according to ASTM E399
Open symbols - open arc furnace
melted, 0.187 vol pet inclusions
Filled symbols - OAF melted plus
argoned in ladle. 0.092 vol pet
inclusions ,

(582) (599)

.om Tempered at 1022F

ÿ ÿ Tempered at 1202F
( ) Hardness. VHN

1800 1900 2000 2100 2200
Auslentizing Temperature, F

Fig. 3.2.7.2.2 Effects of austenitizing temp¬
erature, tempering temperature, and
meltingpractice on fracture toughness (Ref. 95)

100

60

40

£ 2°

H-11 Mod
1850F, 30 min. AC
indicated temperatu
ASTM E 399 test pre
T-L orientation

I

lus double tempera
re. 1 hr each
icedures

I
1I

{ ) - Hardness, Rc J) (30)

i
i
1

(5pj T
I

,(52)

\
*(41

1
>

p4)

1

i
400 600 800 1000 1200

Tempering Temperature, F

Fig.3.2.7.2.3 Effect of tempering temperature on
fracture toughness (Ref. 96)
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H-11 Mod
0.060 in. sheet I I
Preheat 1450F, 20 - 30 min, aust 1850F,
20 min, AC, triple temper" 975F 1 hr each

! /-320F

110F

/Vrt/ /

..
i*

.

Tension

second temf
iove possible

er. ground to
decarburizati

0.060 in

__
on

Strain, in. per in.

240
H-11 Mod
50 Rc (Ftu - 2SO ksi)

300F
200

500. 650F
800Fvÿ

160
90OF

1000F
120

so
OOF

1200F

Tension

0 0.002 0.004 0.006 0.010
Strain, in. per in.

Fig. 3.3.1.2 Stress-strain curves at room and elevated
temperatures for material heat treated to Ftu = 260 ksi
(Ref. 9)

Fig.3.3.1.1 Stress-strain curves at roomand
low temperatures for sheet (Ref. 26)

H-11 Mod
0.064 in. sheet
Ann

>-"RT.400
60C
80

F
3F

//
//Ifj/

/"
jy, 10C0F
1

_/—1200F

Tension

0 0.004 0.008 0.012
Strain, in. per in.

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

Fig. 3.3.1.4 Stress-strain curves at room and elevated
temperatures for sheet heat treated to Ftu = 280 ksi
(Ref. 7)
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H-11 Mod
3/4 in. bar
1850F, 1hr, AC + temper twice 1025F

• 3/4 hr, AC

tz- n r, ir i- • - j i Fig.3.3.1.6 Effect of low test temperature on tensileFie.3.3.1.5 Stress-strain curves at room and low ° r
® properties of bar. (Ref. 67)

temperatures for bar (Ref. 67)

0.040 0.C80
Strain, in. per in.

0.120 0.160

Code 1218
Page 28

-300 -200 -100
Temperature, F

H-11 Mod
3/4 in. bar
1850F, 1 hr, AC + temper twice 1025F, 3/4 hr, AC

ÿ 300

c/T
1A
*D

55 280

0
-460 -400



April 1992 (revision) Aerospace Structural Metals Handbook Ferrous Alloys • FfiUH
H-11 Mod

H-
0.(

Pr
18
97

11 Mod
60 in, sheet
iheat 1450F, 20 - 30 m
50F, 20 min, AC, triple
>F, 1 hr each

n, aust
temper*

J
1 \ Ftu

\4

b/

*/
re

Wer 2nd temc
nove possible

er. ground tc
decarburiza

0,060 in. to
ion

RA

•--e(2 in.)

-460-400 -200 0 200
Temperature, F

-Fig. 3.3.1.7 Effect of low test temperature
on tensile properties of sheet (Ref. 26)

RA 1150F 1

1--\ m •insnr #
11OOF

—

E2 1in. dia bar

0 0.080 in, stiee

- 1000F —

e(1 in.)—
J_i

1
-too 0 100 200 300

Temperature, F

Fig.3.3.1.8 Effect of test temperature on tensile
properties for tempering temperatures of 1000
to 1150Fof bar and sheet (Ref. 30)
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H-11 Mod

200 400 600 800 1000
Temperature, F

H-11 Mod
Bolts
Ftu = 220 ksi min

O Test Specimen

• 1/2-20 EWB1 g
A 3/8-24EWB]

Fig. 3.3.1.10 Effect of test temperature on tensile
properties of bolts heat treated to Ftu = 220 ksi
minimum (Ref. 10)

0» 1050
ÿ ÿ 1100
Ai 1150

240

200

_160
-AC

1200
u

160

120

Tempering Temperature. F

400 000 S00 1000 1200 1400
Temperature, F

Fig.3.3.1.9 Effects of test temperature and tempering temperature
on tensile properties of bar (Ref. $1)

H-11 Mod
Bar
Austentized 1850F,AC, + double tempered at indicated tempering

1
temperature, 2 + 2 hrs
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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)

320

H-11 Mod
Aust 1825 - 1850F, 30 min, AC tempered 3 x 2 hr each
Average 2 - 4 tests

Tempering Temp. F

975
A 1050

80 LjV

40
r-

L-v

RA

e(2 in.)r
RT 800 900 1000

Temperature, F
1100 1200

Fig. 3.3.1.12 Effect of test temperature on tensile
properties of air melt alloy tempered to Fÿ = 260 ksi
and 310 ksi (Ref. 22)

Code 1218
Page 31

H-11 Mod -
0.063 in. sheet

900 1000
Temperature, F

Holding Time
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H-11 Mod

H-11 Mod • 90 percent ausformed
temper 1050F

o Conventional HT
+ temper 1060F

* 1

Fiy

Fig.3.3.1.14 Effect of test temperature on tensile properties
of annealed sheet (Ref. 34)

-400 0 400 800 1200
Temperature, F

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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280

_ 260

240

220

H-11 Mod
1 In. dia bar

" 1850F, 1hr AC + tempe two times 1050F, 1 hr, Ac

vk
}1#

T f
" I

I r- 11

600F
ÿ— • -

10"4 10'" 10'2 10"' 10
Elastic Strain Rate, In. per In. per Sec

Fig. 3.3.1.15 Effect of elastic strain rate on yield stress at
RT and 600F (Refs. 65, 66)

160

- 10

H-11 mod
Sheet ' '1150F, 1/2 hr + 1850F. 1/2 hr, AC +
temper 2 x 3 hrs

Fty = 280 to 300 ksi
Ftu = 260 to 280 ksi

078 in.

200

A L
A T J 0.0S2 in.

F<y
O

200 400 600
Temp, F

800

Fig. 3.3.1.16 Effect of test temperature on tensile
properties of sheet heat treated to Ffu = 260 and
280 ksi minimum (Refs.4, 5)
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H-11 Mod
0.064 in. s
ANN

heel

C 400F
600F

U*. 800F
C---1000F

J200F

Comp ess ion

0.002 0.004 0.005
Strain, In. per In.

0.008

Fig. 3.3.2.1 Stress-strain curves in compression
at room and elevated temperatures for
annealed sheet (Ref. 34)
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H-11 Mod
0.033 in.
1900F, 30

heet
sec, AC + 1C 25F, 2 x 2

fcy
ÿ J
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s

(

•L
OT \ 1

200 400 600
Temp, F

800 1000

Fig. 3.3.2.2 Effect of test temperature on compressive
yield strength of sheet (Ref. 7)
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H-11 Mod

40

20

H-11 Mod
0.064 in. sheel, ann

. Fcy
"-4I--

\
200 1000400 600 800

Temperature, F

Fig.3.3.2.3 Effect of test temperature on compressive yield
strength of annealed sheet (Ref. 34)

1200

60

40

20

H-11 Mod I I
Austentited 18S0F, AC, + double temper

-*—it

-Charpy V

1050F. 2 + 2 hrs

200 400 600 800 1000 1200 1400
Temperature, F

Fig.3.3.3.1 Effect of temperature on Charpy impact
energy of bar (Ref. 81)

H-11 Mod
Bolts
F„. = 220 ksi min

• 3/8-

* 1/2 - 20 H
Fsu

\
0 200 400 600 800 1000

Temperature, F

Fig.3.3.5.1 Effect of test temperature on shear
strength of heat treated bolts (Ref. 10)

Charpy V
Notch

Percent C Tempering
Temp, F

Vacuum
Air
Aii
Air
Air

400 800 1200
Temperature, F

H-11 Mod i I
Aust 1825 • 1850F, 30 min, AC, ÿ temper 3 limes,
2 hrs each
Average 10 tests

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)

Code 1218
Page 34



April 1992 (revision) Aerospace Structural Metals Handbook Ferrous Alloys • FeUH
H-11 Mod

K-11 Mo
0.064 in
Annealec

d
sheet

fsu

0 200 400 600 800 1000 1200
Temperature, F

Fig.3.3.5.2 Effect of test temperature on shear strength of
annealed sheet (Ref. 34)

240
H-11 Mod
0.064 in. sheet
Annealed

200
"bru

160

,120
e/D

• 2.0

160

120
(4

U-

0 200 400 600 800 1000 1200
Temperature, F

Fig.3.3.6.1 Effect of test temperature on bearingproperties of
annealed sheet (Ref.34)

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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H-11 Mod
0.060 in. sheet I I
Preheat 1450F, 20 - 30 min, aust 1850F,
20 min, AC, triple temper" 975F, 1 breach

Smooth
Notched

"After second temper
ground to 0.060 in.
and remove possible
.decartrurization

\60- X
fi o-

10,501

r ÿ 0.040
I

-600 -400 -200 0
Temperature, F

200

Fig.3.3.7.1.2 Effect of low test temperature on

notch strength of sheet (Ref. 26)
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H-11 Mod

H-11 Mod
0.040 in. sheet
1850F (Argon), 30 min. AC + temper three
times at 1000F, 1hr, AC

_ 160

55 120

•200 -100
Temperature. F

K ,= 12.5

See fig. 3.2.7.1.4 for geometry of
specimens notch radius varied in
these tests to give desired Kt

Fig. 3.3.7.1.3 Effect of low test temperature on notch
tensile strength for stress concentration factors from 4
to 12.5 (Ref. 15)

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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H-11 Mod
1in. riia bar
Aust 1S50F. 20 min in sail

Notch Strength

- 160

Temper? x 2 hrs
1000F
1050F
11OOF
1150F r = O.OOS

280

0 100 200
Temperature. F

Fig. 3.3.7.1.5 Effect of low test temperature
and tempering temperature on notch strength
of bar (Ref. 30)

H-11 Mod
0.080 in. sheet
Aust 1850F, 20 min in salt

Crack Strength

40 —
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T 1150F

sawcut

f5~jo.6 jl 3/4

3/8 in. dia

Fatigue precracked to 0.7 in.

-100 0 100 200
Temperature, F

300

Fig.3.3.7.1.6 Effect of low test temperature
on crack strength of sheet (Ref. 30)

H-11 Mod
1 in. dia Par
Aust 1850F, 20 min in salt

Crack Strenglh

\WXÿTemper 2*2 hrs
1000F
1050F
1100F -I-
1150F

Fatigue precrackefl to produce approximately
0.3SS in. diameter

100
Temp, F

Fig. 3.3.7.1.7 Effect of low test temperature
and tempering temperature on crack
strength of bar (Ref. 30)

H-11 Mod
0.080 in. sheet
Ausl 1850F salt, AC + temper 1000F, 2 x 2 hrs

Crack Strength

3/8 in. dia 0.6 in. sawcut

400 600
Temperature, F

Fig. 3.3.7.1.8 Effect of test temperature on crack
strength of sheet (Ref. 35)
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H-11 Mod 1
Austentized 1850F, AC. + tern
temperature, 1 hr

I I

ered at indicated

i i

est Temperature

Tempering Temperature, F
Filled 1050
Open 1200

900F h ÿ

1000F ---
1100F -<
1200F

1 10 100 1000
Rupture life, Hr

Fig.3.4.1 Creep rupture behavior at 900 to 120OF for
two tempering temperatures (Ref. 81)

ÿ200 -100 0 100 200 300
Test Temperature, F

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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H-11 Mod
0.040 in. sheet
Ftu = 190 ksi

900F
100DF \

200

800F

"> 100

0.1 100 100010
Time, Hr

Fig.3.4.3 Creep rupture curves at 800 to 1000F for
sheet heat treated to Ftu = 190 ksi (Ref.8)

0.1 1 10 100 1000
Time, Hr

Fig. 3.4.2 Creep rupture curves for alloy at various
strength levels at 700 to 1000F (Ref. S)
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Fig. 3.4.4 Short time creep and creep
rupture curves at 1000 and 1200F for
sheet heat treated to Ftu = 290 ksi (Ref. 20)
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Fig. 3.4.5 Stress to produce creep rates
of lO3 to 10"3 percent per hr at 700 to
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H-11 Mod
Bar
Ftu = 235 to 261 ksi

O
Heat treated in 1 x 1 and 2 x 2 sectors

Average

= 140
Direct Stress. R=0.1

6 x 6 in.. 253 ksi
2x2 in,, 250 ksi
2x2 In.,250 ksi

260 ksi
11/4x11/4 in.(250 ksi

235 ksi

1D5 106
Number of Cycles

Fig.3.5.1.1 S-N curves for heat treated bar (Ref. 12)

H-11 Mod I I
0.207 In. dia bar machined from bars ranging
from 1to 6 in. dia
Heat treated to Ftu = 240 to 265 ksi

CDaoeixv 0 hears

Tension -Tenston
Ft e 0,1

Runout

105 10$
Cycles to Failure

Fig.3.5.1.2 Fatigue scatter band for bar specimens
from eight separate heats tested inaxial tension
(Ref. 61)

300
H-11 Mod ' I 'Preheat 1000F. aust 1850F. AC + temper 1025F, 2 x 2 hrs total

Smooth Notched A

•
A

O
<1

1
CO

r = 0.008 in

105 10s
Number ol Cycles

Fig. 3.5.1.3 S-N curves for notched and smooth specimens at
room temperature (Ref. 28)

H-11 Mod ' I ' I
Preheat 1000F. ausi 1850F, AC + temper 1025F, 2 x 2 hrs total

ÿ 100

2 80

Smooth Notched A

• O 1

A A CO

104 10s 106
Number of Cycles

Fig. 3.5.1.4 S-N curves for notched and smooth specimens at
SOOF (Ref. 28)
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200

150

_ 100

60

40

H-11 Mod 1 1 1

Preheat 1000 F, aust 1850 F. AC + temper 1025 F, 2 x 2 hr total

Smooth Notched

10' 104 105 10® 107 10®
Number of Cycles

Fig. 3.5.1.5 S - Ncurves for notched and smooth specimens at
1000F(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 Ft0 = 260 ksi

Temp (F) Source Method
Stress Ratio Stress

Concentration

Fatigue Strength (ksi)
at Cycles

A R 105 10® 107 10®

RT (7) Rot bend oo •1 Smooth
Kj=1

155 135 130 130

RT (6)

(10)

Direct
stress

0.82 0.1 155

173

135

150

130

140

130

900 (6) 95 82 80 -
RT (a) (6) 100 60 53 -

Form Threaded bolts

Condition Heat treated to Ftu = 260 ksi

Temp (F)
Dla (in.)

(b)
Method

Stress Ratio Stress
Concentration

Fatigue Strength (ksi)
at Cycles

A R 105 10® 107 10®

RT 3/8

1/2

Direct
stress

0.82 0.1 112

118

84

94

80

90

-

900 3/8 91 81 80 -
RT (a) 3/8 95 60 55 -

(a) Tested at RT after exposure at 900F. 100 ttr.
(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)

Table 3.5.1.8 Tensile and fatigue properties of bolts
made from material heat treated to several strength
levels (Ref. 60)

Alloy: H-11 Mod

Form Smooth bar and 1/2 x 20 aircraft bolt

Condition
Unspecified heat treatment to obtain

tensile properties shown

Test temp. 70F -320F

Material Ftu (ksi) 279 302

Material F,y (ksi) 240 263

e, 4D (percent) 11.5 10.2

RA (percent) 42 39

Charpy impact (a) (ft lbs) 5 1.5

Bolt Ftu (ksi) 280 297
Bolt, fatigue cycles at 135 ksi
max. stress, R = 0

100,000 65,000

(a) Subsize specimen per ASTM E 23, Type W.

H-11 Mod 1 1

Specimen from 1 x 12 x 48 in. plate
1850F, 30 min, AC + 1075F, 2 hr, AC + 1110F, 3 hf, AC

Axial Loading
R =0.1

Transverse100

80

60

40
105

Cycles to Failure

Fig.3.5.1.9 Low cycle fatigue of notched (Kt =5.0) specimens
cut from large place. (Ref. 70)

Alloy: H-11 Mod

Form Smooth bar and 1/2 x 20 aircraft boll

Condition Unspecified heat treatments to
obtain tensile properties shown

A B C

Material Ftu (ksi) 197.7 236.8 288

Material Fv (ksi) 158.2 199.4 243.7
e, 4D (percent) 15.5 13.5 12.1

RA (percent) 47.7 48.3 41.4

Notch ratio at K, = 6 1.4 1.3 1.1

Bolt Ftu (ksi) 198 239 288.4

Fatigue cycles at max. stress
approx. 1/2 Ftu< (a). Ft = 0

321,100 417,600 700,000

(a) 93 ksi for A. 115 ksi for B, 135 ksi for C.

H-11 Mod 1 1

Specimens from vac melted forged billet 4 x 12 x 30
1850F, 30 min, AC + 1075F, 2 hrs, AC + 1075F, 2 hrs,
AC + 111OF, 3 hrs, AC

Axial Loading
R * 0.1

103 10* 105 106 107
Cycles to Failure

Fig. 3.5.1.10 Low-cycle fatigue of notched (Kt = 3.0) specimens
cut from long and short transverse directions of forging (Ref. 70)
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H-11 Mod
0.078 in. sheet
HT to Ftu = 280 ksi_____

5 mil machined after KT___
5 mil ground before HT

-5 mil machined before HT----Control (no surface removal)

Reversed bending
R*-1180

o

V)

J 140 Surface
Roughness

RMS

100

Cycles to Failure

Fig. 3.5.1.11 Effect of surface machiningand grinding
(to remove decarburized layer) on reversed bending
fatigue of sheet (Ref. 72)

Table 3.5.1.12 Fatigue strength atlO6 cycles inrotating bending for vacuum and air melted alloy invarious 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 CVM billet

Condition (a)

CVM: Ftu = 272 ksi, Fÿ= 228 ksi, e = 7 percent
Air Melt: = 264 ksi, Fÿ = 222 ksi, e = 7 percent

106 cycle. Endurance limits (ksi at 75F after 4 hr exposure at temperature indicated

75F 375F SOOF 750F 1D00F 1250F

Polished
Air 91 91 88 85 81 64

Vac 94 93 90 90 90 80

Cr plated
(0.002 in.)

Air 54 - - 74 80 -
Vac 56 60 63 80 87 -

Peened (b)
Air 90 87 - - 82 66

Vac 96 94 90 89 89 80

Plated &
Peened

Air 89 88 87 83 76 72

Vac 96 94 90 89 88 80

Peened &
Plated

Vac 96 - - - 87 -
(a) 1850F, 45 min, AC, + double temper 1050F, 2 hr, AC.
(b) .009 to .01OA (on Almen Scale, refers to height of arc of standard strip specimen after being subjected to similar peening on one side only).
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0.190 in. dia

. balh, AC, + d

Rc 55-56, F,

1 1 1
rotating beam specimen 1850F. 1 hr in neutral salt
ouble temper 975F, 2 hrs 11025F, 2 hrs, AC _

= 308 ksi, Fj,, = 257 ksi, e = 9.2 percent

I I I I
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peened to Aimer
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i

intensity .01OA (scale refers lo
p specimen after being subjecte
e side onty) (Ref. 39)

•A
RT in Lab Air
Rotating beam
n..1

\ >
\
V

O
N- 50C Orpm

< \ Pee
X \

nrng

Polishe

X \
X \
X

d \
<3
\

\
v—O

ÿo-.

10

H-11 Mod 1 1

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

- + 1200F, 2 hrs, + 1900F. 1 hr, AC to 1050F, rolled to 83 percent —
plastic deformation at 1050F, OQ + double temper at 1000F for
total of 2 hrs to Rq 60, F(u = 373 ksi, Fjy = 294 ksi, RA = 33 %

Total Strain Amplitude, percent

-e-- - 2,93 Closed Symbols
Designate Failure

a 0.1

2 5 -ioo
Applied Cycles

ÿ5 1000

104 10s
Cycles to Failure

106 10r

Fig. 3.5.1.13 S-N curves inrotating beam bending for
smooth specimens and for specimens subjected to glass
bead peening (Ref. 39)

Fig. 3.5.1.14 Cyclic strain hardening in ausformed bar as
manifested by reduction inplastic strain range (increase
inelastic strain range) as cycles are increased during strain
cycling tests inwhich total strain amplitudes are maintained
constant (Ref. 64)

H-11 Mod

Survival Percent

Ausformed 90 percent
Conventional Treatment

10« 107
Number of Cycles

Fig. 3.5.1.15 S-N curves for ausformed and
conventionally heat treated steel (Ref. 37)
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-1-1-;—i—i-1-1-1—r
H-11 Mod, Bar
18S0F, 1hr, AC + triple temper 1100F, 2 hrs,

.50" dia
2 places

40»ÿ>

<3>
-.40"—H I
— 2.00'-J

I
2.40"

.55'

1
1.20'

I I I I I
L-T Orientation
Frequency = 300 to 1200 cpm
Tested in Laboratory Air with ,
45 pet Relative Humidity

Klc = 45 ksiVT7T

.20"
L

ÿ R = 0.1
0 R = 0.5

m =2.81
m = 3.06

1 2 4 6 8 iq 20 40 60 80ioo
Stress Intensity Factor Range,AK, ksi VlrT.

Fig. 3.5.2.2 Fatigue crack growth rates inair at
room temperature (Ref. 97)

= 10*J
C

<0

ttH
(D

<3
cc

110-5
*u
<0

<5 10-6

tO"7

H-11 Mod. Bar
1850F. l hr, AC + triple temper 110OF. 2 hrs,
AC, F,„ = 258.2 ksi, Fty = 215.4 ksi
Compact tension specimens
L-T orientation. K|c = 45 ksi Tin.
Frequency = 420 cpm

ÿ R = 0.1
O R = 0.5

sal

I

1 2 4 6 8 10 20 40 60 80)00

Stress Intensity Factor Range, AK, ksi TUT
Fig. 3.5.2.3 Fatigue crack growth rates in air at
650F (Ref. 100)

O 200 400 600 800 1000 1200
Temperature, F

Fig. 3.6.2.1 Modulus of elasticity at room and elevated
temperatures (Refs. 7, 9, 34)

ÿ11 Mod
sat treated

28 L
30 35 40 45 50 55 60

Rockwell Hardness, C scale

Fig. 3.6.2.2 Modulus of elasticity for alloy heat treated
to various hardness levels (Ref. 9)
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H-11 Mdd
0.06
ann

4 in. sheet

iNw

0 200 400 600 800 1000 1200
Temperature, F

Fig. 3.6.2.3 Modulusof elasticity incompression at room and
elevated temperatures for annealed sheet (Ref. 34)

H-11 Mod_ Bar
Ftu = 260 ksi

300Fv

><ÿ50ÿ

240

RT

200
6S0F

800F;
160 -900F.

1000F
120

1100F

5 10 15 20 25 30
1000 ksi

Fig. 3.6.4.1 Tangent modulus curves at room and elevated
temperatures for bar heat treated to Fÿ = 260 ksi (Ref. 11)

H-11 Mod
1850F, 30 min, AC + temper 3 x 2 hrs

Manual Welds
Inert Gas Shielded

Tungsten Arc Method

Hoop Stress of
Welded Vessel

ÿTwTh'h'}0-024!". sheetaButt Welded >
ÿ Wetded Vessels + 1325F, 2 hrs

I J
e (2 in.)

H
k -" I 2 '.5"

950 1000 1050 1100 1150
Tempering Temperature, F

1200

Fig. 4.3.2 Effect of tempering temperature on strength of
welded sheet and pressure vessels (Ref. 21)
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Fig. 4.4.5 Nitrogen content and hardness profiles
for ion-nitrided H-l1Mod (Ref. 99)
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