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1.1

1.2

1.3

1.4

GENERAL

This alloy is a delta ferrite-free compositional
modification of 17-4PH precipitation-hardening,
martensitic stainless steel containing less chromium
and slightly higher nickel. Vacuum arc remelting
lowers the alloy’s gas content, reduces and disperses
inclusions, and minimizes alloy segregation during
solidification. These factors, coupled with the elimi-
nation of delta ferrite, result in superior transverse
toughness compared to 17-4PH.

The alloy transforms to martensite on cooling to
room temperature from the solution treatment.
Hardening results from the precipitation of a copper-
rich phase at temperatures of only 900 to 1150F,
depending on the properties desired.

The corrosion resistance of this alloy is comparable
to Type 304 in most media. Its oxidation resistance
is superior to Type 410 but inferior to Type 430. The
alloy is available as billet, plate, bar, and wire. It is
forgeable, castable, weldable, and machinable.
Many physical and mechanical properties of this
alloy are the same as for 17-4PH. Consequently,
some of the data presented here were determined
for 17-4PH and are noted as such. For properties
which are independent of melting practice (air melt
versus consumable electrode vacuum arc remelt),
the melting method is usually not specified and the
reader is to assume the data apply to either method.

Commercial Designation - 15-5PH precipitation-
hardening stainless steel

Alternate Designations - UNS 515500;
UNS J92110; AIS1S15500

Specifications

1.3.1 [Table] AMS specifications for wrought
products.

1.3.2 {Table] ASTM specifications for wrought
products.

1.3.3 [Table] AMS specifications for investment
castings.

1.3.4 [Table} AMS specifications for tubular
centrifugal castings.

Composition

1.4.1 [Table] Specified composition for wrought
products.

1.4.2 [Table] Producer’s specified composition for
castings.

1.4.3 [Table] AMS specified composition for
investment castings.
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1.4.4 [Table] AMS specified
composition for tubular Fe

centrifugal castings.
15.0 Cr

1.4.5 [Table] AMS specified
composition for weld 4 5 0 N .
- I

electrodes and wire.

Heat Treatment 0 3 0 Cb
Solution treat to Condition )
A, 1900 + 25F, 30 to 60 min- 3.5 Cu

utes, 0il quench or air cool
to below 90F (Refs. 1, 27}.

1.5.2 [Table] Age Condition A to H Conditions
(Precipitation hardening heat treatment schedules).

Precipitation in this alloy is complex. The formation
and growth mechanisms of the several types of
precipitates have been recently studied and
described in detail in reference 54.

Aging produces a hardness peak at around 850F,
followed by softening and then a second hardening
beginning at about 1200F (see Figures 1.6.3 to 1.6.5),
TEM observations reveal the successive formation
(between 850 and 1200F) of two types of coherent
precipitate, one type subsequently becoming partialy
coherent rods with selective growth direction, the
other partialy incoherent globules. All of the pre-
cipitates are enriched in copper. Aging beyond 1200F
produces new precipitates which are coherent at
first, and then become partially incoherent within
the range 1350 to 1550F.

An earlier study (Ref. 53) also found the initial peak
hardening on direct aging from the solution treat-
ment, evidenced by resistivity (Figures 2.2.2.1 and
2.2.2.2) and hardness (Figure 1.6.6) measurements,
A hardening peak was also observed during aging
at a relatively lower temperature range (Between
780 and 890F) after higher temperature aging (1040
to 1110F) (see Figure 2.2.2.3). That peak corre-
sponded to a severe drop in notch tensile strength
(see Figure 3.2.7.1.3). The investigators attributed
the hardening and attendant notch embrittlement
to formation of a Ni-rich zone.

Precipitation hardening alloys are generally suscep-
tible to hydrogen embrittlement. This susceptibility
can be minimized by overaging or other treatments,
or both, that alter the microstructure, One possible
explanation of the beneficial effect of overaging is
the development of incoherent precipitates, the in-
terfaces of which act as hydrogen traps and alter
the stress or strain induced localization of hydrogen.

Due to the fact that hydrogen diffusion is rapid
compared to other interstitial atoms, and hydrogen
is known to interact with defects and segregate to
regions of localized lattice dilation, one may expect
the aging kinetics and the resulting properties to be
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altered if the process takes place in a hydrogen

environment. These are demonstrated in Figures

1.5.2.2.1 through 1.5.2.2.6, which show two harden-

ing reactions, one of which only develops during

higher temperature aging at 900F and above. The 1.8
presence of hydrogen increases peak hardness and 1.8.1
decreases time to achieve peak hardness. Outgas-

sing at room temperature of material aged in hy-

drogen increases hardness in most cases.

1.5.2.2.1 {Figure] Influence of hydrogen aging
treatment environment on age hardening at 700F.

1.5.2.2.2 [Figure] Influence of hydrogen aging
treatment environment on age hardening at 800F.

1.5.2.2.3 [Figure] Influence of hydrogen aging
treatment environment on age hardening at 900F. 1.8.2

1.5.2.2.4 [Figure] Influence of hydrogen aging
treatment environment on age hardening at 1000F.
1.5.2.2.5 [Figure] Influence of hydrogen aging
treatment environment on age hardening at 1100F.
1.5.22.6 {Figure] Influence of hydrogen aging treat-
ment environment on 900F aged tensile properties.

1.5.23 A dimensional change takes place on precipitation
hardening.

1.5.2.3.1 {Table] Dimensional change (contraction)
from hardening heat treatment.

1.6 Hardness

1.6.1  Producer’s specified acceptable hardness and
strength for Condition A, see Table 3.2.1.7.

1.6.2  Producer’s specified acceptable hardness and
strength for H Conditions, see Table 3.2.1.8.

1.6.3 [Figure] Effect of aging temperature on
hardness of bar.

1.6.4 [Figure] Effect of aging time on hardness of bar.
1.6.5 [Figure] Effect of aging time on hardness of bar.

1.6.6 {Figure] Effect of aging temperature on
hardness of bar.

1.6.7 {Figure] Effect of holding time at the aging
temperature on hardness and notch tensile strength
of bar.

1.6.8 {Figure] Effect of aging time on hardness and
notch tensile strength for specimens aged at a lower
temperature subsequent to pre-aging for 2 hours at
a higher temperature.

1.6.9 [Figure] Effect of aging time at 752F and 842F
on hardness of base and weld metal.

1.7 Forms and Conditions Available

The alloy is produced in the forms of billets, plate,

bar, and wire. It is usually supplied solution treated
to Condition A, ready for fabrication and subsequent
hardening by the user. However, it can be supplied
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in hardened conditions, if desired. Recommended
conditions for certain fabrication processes are
discussed in Section 4. (Fabrication).

Melting and Casting

Melting, The alloy is produced by electric arc melting
in air or by consumable electrode vacuum arc or
electroslag remelting. Vacuum arc remelting lowers
gas content, reduces and disperses inclusions, and
minimizes alloy segregation during solidification.
These factors, coupled with the elimination of delta
ferrite (as a result of its basic compositional difference
from 17-4PH which is not delta ferrite-free), results
in superior transverse mechanical properties in all
locations within the product compared to 17-4PH.

Casting. The alloy is readily castable and is used

for castings in jet engines and aircraft, processing
equipment, and nuclear reactors. It is also used for
cast parts in valves, controls, compressors and
intricately shaped parts requiring high strength plus
corrosion resistance. To meet the specified mechanical
properties for 15-5PH alloy, the composition of
castings should be within the limits shown in Table
1.4.2. The lower copper range for sand castings is
necessary so that they can be welded without danger
of underbead cracking in the presence of copper
and copper compounds which precipitate during
slow cooling of these generally large sections. Being
usually much smaller sections which cool rapidly,
investment castings can tolerate more copper
without the danger of underbead cracking.

Where welding is not a factor, higher levels of copper
in the range 3.0 to 5.0 percent can be used. However,
such castings with copper outside the specified
range will not meet property specifications. Higher
copper content generaly results in higher yield
strength but lower ductility castings

The composition of castings must be “in balance” to
achieve maximum hardening. The alloy producer
suggests that castings not be rejected on composition
alone since variations in analysis may be self com-
pensating so that balance is maintained. Hardness
measurements after heat treatment are suggested

as a means of determining hardening capacity.

It is suggested (Ref, 46) that castings be solution
treated at 1900 to 1925F for best refinement of the
cast structure. If the analysis is improperly balanced
and castings are non-magnetic, or fail to harden upon
aging, solution treatment at a lower temperature
(1700F, 1500F, or 1400F) may correct the difficulty.
The lower temperature restricts carbide solution,
lowers the stability of the resulting austenite, and
induces considerable transformation to martensite.

If the 1900F solution treatment is not applied to
castings of recommended analysis, maximum ten-
sile and yield strengths, ductility, and hardness
may not be obtained.
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1.8.21

"1.8.2.2

1.8.2.3

1.8.24

1.9
19.1

A double solution treatment at 1900F is effective in
refining grain size and improving ductility and
impact strength. -

Castings should be soaked 15 minutes to an hour at
1900 to 1925F, then air or oil cooled to 70F or lower.
If reheating for the aging treatment begins before
70F has been reached, full hardening may not be
achieved. After solution treatment, the alloy is age
hardened in the range 925 to 1150F. For maximum
strength, it is recommended that the casting be
precipitation hardened at 925F for 90 minutes
followed by air cooling to room temperature,

19.2

To minimize distortion in large or intricate castings,
a lower solution treatment (1700) may be advisable.
Slightly lower tensile and yield strengths usually
result from this treatment, but may be adequate

for the application.

Room temperature axial-load high-cycle fatigue
strength of machined and as-cast specimens from
welded and unwelded vacuum casting. (See Figure
3.5.1.8)

Room temperature tension-compression high-cycle
fatigue strength of specimens machined from cast
cylinders and from a lag damper casting,. (See
Figure 3.5.1.9)

Room temperature axial-load high-cycle fatigue
strength of specimens machined from bars vacuum
cast into either production or high thermal conduc-
tivity shell molds, and subsequently HI’d or not
HIP'd. (See Figure 3.5.1.10)

Room temperature axial-load high-cycle fatigue
strength of HIP'd and not HIP'd notched (K, = 3.0)
specimens machined from shell mold castings and
notched (K, = 3.0) specimens machined from HIP'd
lag damper casting. (See Figure 3.5.1.11)

Special Considerations

Directional ductility. Precipitation-hardening stainless
steel alloys are used in many applications requiring
large and medium size sections. In many cases,
loading transverse to the fiber is involved. It has
been demonstrated {Ref. 3) that certain structural
characteristics, particularly delta ferrite and some
predipitates, cause substantial reductions in transverse
ductility, and presumably fracture toughness, for
many of these alloys. For compositions in which
delta ferrite is present, vacuum remelting does not
improve this situation.

1.9.3

15-5PH is a delta ferrite-free compositional modifi-
cation of 17-4PH alloy containing less chromium and
slightly higher nickel. Its short-transverse ductility
at edge and intermediate locations is superior to
17-4PH in heavy sections. However, in products made
from air cast ingots of 15-5PH, the short-transverse
ductility at the center location may be lower than at
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edge or intermediate locations (See Table 3.2.1.11).
This nonuniformity of ductility is evidently the
result of gross segregation (Ref. 3) which may be
reduced by vacuum remelting (Table 3.2.1.11).

Embrittlement. Martensitic and precipitation-
hardening stainless steels are subject to an embrittling
reaction when heated in the approxdimate temperature
range 500 to 900F. This is evidenced by an increase
in yield strength and a reduction in the resistance
to crack propagation. Its magnitude depends on a
number of factors including the exposure time,
composition, and previous treatment.

Insufficient data are available to quantitatively define
the effects of these variables for any of the commercial
steels subject to this embrittlement. However, on
the basis of the information available for the PH
steels (alloy codes 1501 through 1510), it would be
expected that long time exposures at temperatures
in the lower portion of the embrittling range would
produce the maximum embrittling effects.

It has been reported (Refs. 11, 35) that the
embrittlement is associated with the formation of a
copper-rich alpha prime ferrite phase and that the
following factors are important in establishing its
magnitude:

1. Increased amounts of chromium, silicon and
columbium increase the rate of embrittlement at 800F.
When silicon and columbium are low, chromium
becomes the sole controlling factor, except that the
nickel content as related to the chromium influences
the result (Cr-Ni balance influences the martensite
reaction). The highest nickel content which can be
used at a given level of chromium without inhibiting
martensite transformation is best from the standpaint
of embrittlement.

2. Aluminum and apparently titanium increase the
rate of embrittlement at 800F.

3. The embrittlement is completely reversible by
reapplying the initial precipitation-hardening
temperature, if that temperature is 1025F or higher.
4. Lowering the solution-treating temperature, at
least down to 1650F, slightly lessens the tendency
toward embrittlement at 800F.

Composition limits. Consumers have sometimes
complained that the composition limits of precipi-
tation-hardenable semi-austenitic steels are too wide
to permit uniform response to heat treatment (Ref. 8).
The impact strength of 17-4PH type precipitation-
hardening stainless steel both before and after
exposure at 80CF are affected by variations in
chemistry within the recommended composition
range {Ref. 11). It would be expected that 15-5PH
would be similarly affected.
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194  Solution treated material. For many applications,
15-5PH should not be used in Condition A. The
structure is untempered martensite that has low
ductility and poor resistance to stress corrosion
cracking (See Figure 2.3.2.6).

195  Mechanical hysteresis. Force transducers made from
this alloy can give erroneous indications of strain
due to a nonlinear, anelastic stress-strain relationship
known as mechanical hysteresis. The amount of
mechanical hysteresis is mainly controlled by heat
treatment. A specially developed heat treatment
process can substantially reduce hysteresis error,
and thus improve force transducer accuracy (Ref. 31).

1.8.5.1 [Table] Effect of heat treatment on shear
beam force transducer mechanical hysteresis.

1.9.6 Hydrogen embrittlement. (See section 4.4.6)

2 PHYSICAL PROPERTIES AND
ENVIRONMENTAL EFFECTS

21 Thermal Properties
211  Melting range.

212  Phase changes. This is a martensitic alloy which
undergoes transformation from austenite to marten-
site above room temperature, upon cooling from an
austenitizing temperature of about 1900F. During
austenitizing (also a solution treatment), all of the
copper (the precipitation-hardening agent) is dissolved
in the austenite. On cooling from this treatment,
martensite transformation (Ms) starts normally at
about 250F and is virtually complete at 90F. After
cooling, the structure consists of a “soft martensite”
supersaturated with copper. During subsequent
hardening treatment a copper-rich phase is
precipitated in the martensite matrix and, at the
same time, the matrix is stress relieved or tempered.

2.1.3 [Figure] Thermal conductivity.
2.1.4 [Figure] Thermal expansion.
2.1.5 [Table] Specific heat.

21.6 Thermal diffusivity.

22 Other Physical Properties
2.2.1 [Table] Density.
2.2.2 [Table] Electrical resistivity.

2221 [Figure] Effect of 10-minute aging temperature
on change in electrical resistivity and its temperature
derivative,

2.2.2.2 [Figure] Effect of aging time on change in
electrical resistivity over a range of aging temperatures.
2.22.3 [Figure] Effect of 2-hour aging temperature on
electrical resistivity and its temperature derivative
for specimens pre-aged at 1040F for 2 hours.
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223

224
225

23
23.1

232

2.2.2.4 [Figure] Effect of aging time on electrical
resistivity for specimens aged at various temperatures
subsequent to 1040F, 2 hour pre-age.

Magnetic properties.

2.2.3.1 [Figurel Induction curves,
2.2.3.2 [Figure] Hysteresis curves.
Emittance.

Damping capacity.
Chemical Properties.

Corrosion resistarice. The general level of corrosion
resistance of this alloy exceeds that of Types 410
and 431 stainless steels (Ref. 27). It is comparable to -
Type 304 stainless steel in most media and similar
to that of 17-4PH (Refs. 1, 4, 7). In boiling 65 percent
HNO, and in 1 percent HCI, 15-5PH and 17-4FPH
exhibit about the same resistance. In salt fog and
chloride pitting solutions, 15-5PH exhibits some-
what superior resistance as shown in Table 2.3.1.1.

In all heat treated conditions, 15-5PH exhibits very
little rusting during 500 hours’ exposure to 5-percent
salt fog at 95F (Ref. 27). When exposed to seacoast
atmospheres for long periods of time, it gradually
develops a superficial layer of rustlike other pre-
cipitation-hardening stainless steels (Ref. 27). The
general level of corrosion resistance is best in the

fully hardened condition, and decreases slightly

as the aging temperature is increased (Ref. 27).

2.3.1.1 [Table] Corrosion of consumable electrode
vacuum arc remelted 15-5PH and air melted
17-4PH in several corrosive media.

Stress corrosion cracking, The stress corrosion
cracking resistance of 15-5PH is reported to be
superior to 17-4PH in boiling 42 percent MgCl,
solutions but slightly inferior to 17-4PH in
H,5-NaCl-Acetic Acid solutions (Ref. 1).

The results in Table 2.3.2.1 show the alloy to be
highly resistant to stress corrosion cracking in
aqueous salt environments in conditions H 1000
and H 1050 in that no failures were encountered
even when the material was stressed to 100 percent
of F, . Failures did occur, however, in the fully
hardened H 900 condition but only at very high
stress; i.e., 100 percent Fty. As with 17-4PH, 15-5FPH

has the greatest degree of resistance to stress-

corrosion cracking when heat treated at the highest
aging temperature {1100F being preferred) (Ref. 1).

2.3.2.1 [Table] Stress corrosion cracking behavior
of bar in three salt media.

2.3.2.2 [Table] Stress corrosion cracking of strip in
marine atmosphere.

2.3.2.3 [Table] Effect of aqueous salt envirorment and
specimen orientation on stress corrosion cracking,

Kio
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2.3.25

23.3

24

31

2.3.2.4 [Table] Tensile, plane strain fracture tough-
ness, and stress corrosion stress intensity factor in
3.5 percent aqueous salt solution for air melted and
CVM biliet in H 900 and H 1000 conditions.

GTA welded stress-corrosion specimens of 1/8 inch
thick 15-5PH plate in the H 1025 and H 1100 conditions
have shown no evidence of cracking in 283 days
expoéure at the Kure Beach, North Carolina, 80-foot
lot while stressed as bent beams to 90 percent of the
room temperature yield strengths (Refs. 1, 7, 12).

2.3.2.6 [Figure] Sulfide stress corrosion cracking of
rod.

Oxidation resistance. The oxidation resistance of this
alloy is superior to Type 410 but inferior to Type 430.

Nuclear Environments

MECHANICAL PROPERTIES

Specified Mechanical Properties

3.1.1 [Table] Producer’s guaranteed mechanical
properties.

3.1.2 [Table] AMS specified mechanical properties
for air melted alloy products.

3.1.3 [Table] AMS specified mechanical properties
for consumable electrode vacuum arc remelted alloy
products,

3.1.4 [Table] AMS and ASTM specified strength,
hardness, and bendability of solution heat treated
sheet, strip, and plate.

3.1.5 [Table] AMS and ASTM specified tensile
strength and hardness for solution heat treated
bars, forgings, flash welded rings, and wire.

3.1.6 [Table] AMS and ASTM specified tensile
properties and hardness for precipitation
hardened sheet, strip, and plate.

3.1.7 [Table] AMS and ASTM specified tensile
properties and hardness for precipitation hardened
bars, forgings, flash welded rings, extrusions, and
stock for forging, flash welded rings, or extruding,.

3.1.8 [Table] AMS specified tensile properties and
hardness for precipitation hardened investment
castings.

3.1.9 [Table] AMS specified tensile properties

and hardness for precipitation hardened tubular
centrifugal castings.

3.1.10 [Table] Producer’s specified acceptable tensile
properties and hardness for Condition A.

3.1.11 (Table] Producer’s specified acceptable
tensile properties and hardness for sheet and strip
in H Conditions.
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3.21

3.22

3.2.3
3.24
325

3.2.6

3.2.7
3271

3272
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Mechanical Properties at Room Temperature

Tension Stress-Strain Diagrams and Tensile
Properties.

3.2.1.1 [Table] Typical mechanical properties for
bar.

3.2.1.2 [Table] Typical mechanical properties for
sheet and strip.

3.2.1.3 [Table] Effects of section size, specimen
location and specimen direction on tensile
properties of arc melted and vacuum remelted
stock in H 900 condition.

3.2.1.4 {Table] Room temperature tension,
compression, shear, and bearing properties of
plate in H 1025 condition, for which fatigue
properties appear in Figures 3.5.1.6 and 3.5.1.7.

Compression Stress-Strain Diagrams and
Compression Properties. (See also Table 3.2.1.4)
Impact (see also Section 3.3.3).

Bending.

Torsion and shear. (See also Table 3.2.1.4)
3.2.5.1 [Table] Shear strength in torsion.

3.2,5.2 [Table] Shear strength in double shear for
H 900 condition.

3.2.5.3 [Figure] Effect of aging temperature
(H Condition) on shear strength in double shear.

Bearing. (See also Table 3.2.1.4)

3.2.6.1 [Table] Bearing strength of plate in H 1025
condition.

3.2.6.2 [Table] Bearing strength of bar in H 1150
condition,

Stress concentration.
Notch properties.

3.2.7.1.1 Effect of holding time at the aging
temperature on hardness and notch tensile
strength of bar. (See Figure 1.6.7)

3.2.7.1.2 Effect of aging time on hardness and
notch tensile strength for specimens aged at a
lower temperature subsequent to pre-aging for

2 hours at a higher temperature. (See Figure 1.6.8)

3.2.7.2.2 [Figure] Effect of aging temperature on
notch tensile strength of bar.

Fracture toughness.

3.2.7.21 [Figure] Effect of age (H condition)
temperature on tensile properties and plane
strain fracture toughness.

3.2.7.2.2 Influence of final forge temperature on
tensile properties and plane strain fracture
toughness. (See Figure 4.1.1.1)
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3.2.7.2.3 Tensile, plane strain fracture toughness,
and stress corrosion stress intensity factor in 3.5
percent aqueous salt solution for air melted and
CVM billet in H 900 and H 1000 conditions. (See
Table 2.3.2.4)

3.2.7.2.4 [Table] J-integral fracture toughness of
plate and weldment,

3.2.8 Combined Loading,.

3.3 Mechanical Properties at Various
Temperatures (see also Section 3.2)

3.3.1  Tension Stress-Strain Diagrams and Tensile
Properties.

3.3.1.1 [Figure] Effect of test temperature on tensile
properties of bar in H 925 condition.

3.3.1.2 (Figure] Effect of test temperature on tensile
properties of bar in H 1025 condition.

3.3.1.3 {Figure] Effect of test temperature on tensile
properties of bar in H 1100 condition.

3.3.1.4 [Figure] Effect of test temperature on tensile
properties of bar in H 1150-M condition.

3.3.2  Compression Stress-Strain Diagrams and
Compression Properties.

3.3.2.1 [Figure] Typical compressive stress-strain
and tangent-modulus'curves at selected temperatures
for bar in H 1025 condition.

3.3.2.2 [Figure] Typical compressive stress-strain
and tangent-modutus curves at selected temperatures
for bar in H 1150 condition.

3.3.2.3 [Figure] Effect of test temperature on com-
pressive yield strength of bar in H 1025 condition.

3.3.2.4 [Figure] Effect of test temperature on com-
pressive yield strength of bar in H 1150 condition.

333  Impact.

3.3.3.1 {Table] Charpy-V impact energy for sheet
at room temperature and -65F.

3.3.3.2 {Figure] Effect of temperature on Charpy-V
impact energy for Condition H 1150-M.

334 Bending,

335 Torsion and shear.
336 Bearing.

3.3.7 Stress concentration.
3.3.7.1 Notch properties.
3.3.7.2 Fracture toughness.

3.2.7.2.1 (Figure] Effect of test temperature in the
range -4 to +72F on the tensile properties and plane
strain fracture toughness.

3.2.7.2.2 [Table] Effect of aged condition, test
temperature, and specimen orientation on strength
and plane strain fracture toughness.

Code 1513

Page 6

3.38
34

35
3.51

Combined properties.

Creep and Creep Rupture Properties

3.4.1 [Figure] Creep deformation and rupture
curves at selected temperatures for forged bar in
H 1025 condition.

Fatigue Properties
Conventional high-cycle fatigue.

3.5.1.1 [Figure] Room temperature axial-load
fatigue strength of CVM billet in H 925 and H 1075
conditions.

3.5.1.2 [Figure] Room temperature longitudinal
unnotched axial-load constant-life fatigue diagram
for bar.

3.5.1.3 [Figure] Room temperature transverse
unnotched axial-load constant-life fatigue diagram
for bar.

3.5.1.4 (Figure] Room temperature londitudinal
and transverse notched (K, = 3.0) axial-load
constant-life fatigue diagram for bar.

3.5.1.5 (Figure] Mild-notch axial-load fatigue
strength of bar in I 1025 condition at stress ratios,
R =05, 0.1, -1.0.

3.5.1.6 [Figure] Room temperature axial-load
fatigue strength of plate in H 1025 condition.

3.5.1.7 [Figure] Room temperature axial-load
notched (K, = 3.0) fatigue strength of plate in
H 1025 condition.

3.5.1.8 [Figure] Room temperature axial-load
high-cycle fatigue strength of machined and as-cast
specimens from welded and unwelded vacuum
castings.

3.5.1.9 {Figure] Room temperature tension-
compression high-cycle fatigue strength of specimens
machined from cast cylinders and from a lag
damper casting.

3.5.1.10 [Figure] Room temperature axial-load
high-cycle fatigue strength of specimens machined
from bars vacuum cast into either production or
high thermal conductivity shell molds, and
subsequently HIP’d or not HIF'd.

3.5.1.11 [Figure] Room temperature axial-load
high-cycle fatigue strength of HIP’d and not HIP'd
notched (K, = 3.0) specimens machined from shell
mold castings and notched (K, = 3.0) specimens
machined from HIP'd lag damper casting,.

3.5.1.12 [Figure] Elevated temperature transverse
unnotched axial-load fatigue strength of forged bar.

3.5.1.13 [Figure] Elevated temperature transverse
notched (K, = 3.0) axial-load fatigue strength of
forged bar.
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3.5.2
3.5.3

3.6
3.6.1

3.6.2

3.6.3
3.6.4
3.6.5

Low-cycle Fatigue 4
Fatigue Crack Propagation.

3.5.3.1 (Figure] Room temperature fatigue crack 4.1
growth rate at 10 Hz, R = 0.05 for plate in H 1050 411
condition,

3.5.3.2 [Figure] Room temperature fatigue crack
growth rate at R = 0.67, trapezoidal load wave form
(1-minute hold times), for plate in H 1050 condition.

3.5.3.3 [Figure] Room temperature fatigue crack
growth rate at 10 Hz, R = 0.05 for plate in H 1100
condition.

3.5.3.4 [Figure] Room temperature fatigue crack
growth rate at R = 0.05, trapezoidal load wave form
(1-minute hold times), for plate in H 1100 condition.

3.5.3.5 [Figure] Room temperature fatigue crack
growth rate in 3.5-percent NaCl solution at R = 0.05,
trapezoidal load wave form (1-minute hold times),
for plate in H 1100 condlition.

3.5.3.6 [Figure] Room temperature fatigue crack
growth rate at R = 0.67, trapezoidal foad wave form
(1-minute hold times), for plate in H 1100 condition.

3.5.3.7 {Figure] Room temperature fatigue crack
growth rate in 3.5-percent NaCl sclution at R = 0.67,
trapezoidal load wave form (1-minute hold times),
for plate in H 1100 condition.

3.5.3.8 [Figure] Effects of load ratio (R} and 412
environment (air versus salt water) on room

temperature fatigue crack growth rate for plate in

H 1100 condition.

3.5.3.9 [Figure] Effects of load wave form (sinusoidal

versus trapezoidal), load ratio (R), and heat treated 413
condition (H) on room temperature fatigue crack

growth rate for plate,

3.5.3.10 [Figure] Fatigue crack growth rate in air
and 3.5 percent aqueous NaCl solution for the

H 1025 and H 1100 conditions. 4.1.5

Elastic Properties

Poisson’s Ratio, 0.272 in all hardened conditions
(Ref. 27).

Modulus of Elasticity.
3.6.2.1 [Table] Elastic moduli in tension and in torsion.

3.6.2.2 [Figure] Effect of temperature on modulus
of elasticity.

3.6.23 [Figure] Effect of temperature on modulus of
elasticity in compression of bar in H 1025 condition. 4.2

3.6.2.4 [Figure] Effect of temperature on modulus of 42.1
elasticity in compression of bar in H 1150 conditicn.

Modulus of Rigidity.
Tangent Modulus.
Secant Modulus.
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FABRICATION

Forming

Forging. Elimination of delta ferrite gives this alloy
improved forging properties over 17-4PH in critical
upset forgings and hot flattening operations (Refs.
1,2, 4). Materials for forging should be ordered
“overaged for forging,” a condition which also allows
cold sawing of large sections without cracking (Ref. 1).

Forging blanks less than 3/4 inch diameter or
thickness should be heated uniformly to 2150 to
2200F and held at temperature at least 15 minutes
before forging. For sections over 3/4 inch, material
should be heated 1/2 hour per inch of thickness at
2150 to 2200F and held one hour at temperature
prior to forging. Heating above 2200F may cause
undesirable grain coarsening.

Temperature during forging should not be allowed
to drop below 1850F (Ref. 1}.

After forging, material should be cooled below 90F
to assure complete transformation to martensite.
For better toughness in hardened condition, forged
parts must first be treated to Condition A (Ref. 1).

4.1.1.1 [Figure] Influence of final forge temperature
on tensile properties and plane strain fracture

toughness.

Cold-forming. Forming should be limited to mild
operations for Condition A. Fabrication is greatly
improved by heat treating (Ref. 27). If severe cold
forming is required, use Conditions H 1150 and
H 1150-M (Ref. 1).

Cold-heading. Wire for cold heading should be
ordered overaged, copper coated and cold drawn.

414 [Table] Minimum room temperature bend
radii,

Primary and secondary fabrication methods,
including equipment and tooling, are discussed in
detail in Reference 50. Primary fabrication includes
rolling, extruding, forging, and drawing of tube,
rod, and wire. Secondary fabrication produces
finished or semifinished parts from sheet, bar, or
tube using additional metalforming operations.
Secondary forming processes include brake bending,
deep drawing, spinning and shear forming, drop
hammer, trapped rubber, stretch, roll forming,
dimpling, joggling, and sizing.

Machining and Grinding

The alloy can be machined in any heat treated
condition. Parts machined in Condition A may be
subsequently hardened with no harmfu! scaling or
distortion, Design allowances can be made for the

predictable contraction on hardening (Ref. 1).
Machining rates for the alloy in Condition A are
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4.3
43.1

similar to those for Type 302 or Type 304 (Ref. 1).
The relative machinability of Condition H 1150-M
is comparable to Type 303 (Ref. 4}. Condition H 900
material should be machined at 60 percent of the
rate used for Condition A.

Joining

Welding procedures are similar to those for austenitic
stainless steel, even though the composition and
structure of this alloy more closely resemble those
of a martensitic type. Any arc or resistance welding
process for regular grades of stainless are applicable
(Refs. 1, 2). The usual weld filler employed is AWS

AB.9 Classification ER 630. Resolution annealing is
unnecessary {Ref. 7).

Autogenous welding (no filler) methods such as
LW and EBW should be used with caution since
the lack of ferrite forming potential can lead to hot
cracking if stresses are sufficiently high. Autogenous
CO, laser beam welds between 15-5PH and HP 9-4-20
exhibited hot-cracking, attributed to the formation
of a NbC-austenite eutectic constituent (Ref. 34).

Although the alloy can be welded in any condition,
the overaged conditions are preferred for highly
constrained joints. If welded in condition A, or in
the condition of use, or in a lower temperature aged
condition than that intended for component use, then
a simple post-weld aging at the desired H condition
will impart weld properties comparable to those of
the base metal, but possibly with somewhat less
ductility and toughness. If the material is overaged
(e.g- H 1150) for welding and a high final strength
is desired (e.g. H 900 condition), then subsequent to
welding, the component must be re-solution treated
prior to aging. Otherwise, as-welded strength will
be similar to that of the H 1150 condition.

The alloy’s low carbon content restricts the hardness
of rapidly cooled material and avoids the formation
of cracks in the weld metal and heat-affected zone.
This eliminates the need for preheating (Refs. 1, 2).
While the alloy shows no susceptibility to spontane-
ous underbead cracking from weld hardening, it
does not possess the high ductility and toughness
of austenitic Cr-Ni steels. Therefore it should not be
subjected to high levels of biaxial or triaxial stress
from severely restrained weldments or exposed to
notched conditions (Ref. 1).

With W-17-4PH electrodes and welding rods
{specifications AMS 5827D (Ref. 22) and AMS
5825EA (Ref. 20} respectively], or 15-5PH welding
wire [specification AMS 58268 (Ref. 21)], mechanical
properties of the weld are equivalent to those of the
base metal. Likewise , where weld deposits need to
have the strength of the base metal, an E308 stainless
steel elecirode may be used (Ref. 2). For selected
applications, the use of ER308L filler metal for the
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first and second passes and a 17-4PH or PH13-8Mo
filler for subsequent passes has proven successful.
Types 309 or 309-Cb electrodes are recommended
for joining 15-5PH with dissimilar metals.

State-of-the-art welding of precipitation-hardening
stainless steels is reviewed in Reference 30. Welding
preparation, specific welding processes, and joint
quality are exhaustively discussed. A systematic study
of weld filler metal compositions, with the goal of
developing a weld chemistry for the 15-5PH/17-4PH
alloy system joint that would exhibit comparable
properties regardless of whether it was solution
treated and aged or aged only after welding, is
described in Reference 43. General guidelines for
weld wire composition are presented, but no
specific composition is recommended.

4.3.2 [Table] Weld electrode and wire compositions.

Surface Treating

Air is a satisfactory furnace atmosphere for heat
treating this alloy. Fuel-fired furnaces, where c
ombustion products might contaminate the
work-piece surfaces, should be avoided (Ref. 7).

Hardening treatments produce only a light heat tint
on surfaces. It is easily removed by pickling 3 to 5
minutes in 10 percent nitric-2 percent hydrofluoric
acid (by volume) at 110 to 140F. This treatment also
passivates or cleans the surfaces for maximum cor-
rosion resistance. Where pickling is undesirable, heat
tint may be removed by electropolishing (Refs. 1, 2, 7).

A two-step procedure will remove scale formed by
forging or solution treating, First, the part is immersed
in caustic permanganate at 160 to 180F for one hour.
After a water rinse, it is pickled in the HNO,-HF
solution used for removing tint. A hot water rinse,
high pressure water or a brush scrubbing completes
descaling.

Nitriding. There are three methods for nitrogen
penetration into the alloy, corresponding to three
energy levels of implantation: (1) low energy liquid
and gas nitriding; (2) medium energy ion nitriding;
(3) high energy ion implantation. The first method
is widely used; the second and third are newer and
therefore less widely used.

The results of a study (Ref. 47) of nitriding parameters
on “white” and “diffusion” layers are presented in
Figures 4.4.4.1 through 4.4.4.5. Nitriding ternperature,
time, gas pressure and flow rate were systematically
varied. Composition of the gas mixture [40 vol.%N,,
40 vol. % Ar, and 20 vol. % H,] and the distance
between cathode and anode were held constant.
The study concluded the optimum conditions for
ion nitriding aged 15-5PH to be one hour at 840F at
gas pressure of 8 Torr and flow rate of 2.93 in?/min.
Under these conditions a “diffusion ” layer free of a
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44.4.7

4.4.4.9
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“white” layer is produced. It is possible to select
other parameters to produce a thicker “diffusion”
layer, while the thickness of the “white” layer remains
below specified limits (Ref. 47).

4.4.4.1 [Figure] Effect of nitriding treatment time
on “white” layer thickness.

4.4.4.2 {Figure] Effect of nitriding treatment time
and temperature on “diffusion” layer thickness.

4.4.4.3 {Figure] Effect of nitriding reactor pressure
on “white” and “diffusion” layer thicknesses.

4.4.4.4 Figure] Effect of nitriding treatment
temperature on thicknesses of “white” and
“diffusion” layers.

4.4.4.5 [Figure] Effect of nitriding gas flow rate on
“white” and “diffusion” layer thicknesses.

A nitrided surface adds resistance to galling and
wear. The gas-phase method of nitriding produces
case hardnesses of approximately R, 67 to a depth
of 0.004 to 0.006 inch. It employs a temperature of
about 1050F and produces a tough core with a
hardness of about R 36. Nitriding slightly decreases
the corrosion resistance of this alloy as it does with
any stainless steel (Ref. 2).

Nitriding by the proprietary Malcomizing process
raises the smooth fatigue endurance limit for the
H 1100 condition in reversed bending by 15 percent.

4.4.4.8 [Figure] Effect of nitriding (proprietary
Malcomizing) on smooth and mild notch rotating
beam fatigue strength of bar in H 1100 condition.

Ion nitriding (also called glow discharge or plasma
nitriding), relatively new, has the advantages of short
heat treatment time, low treatment temperature,
minimal product distortion, deanliness and low energy
consumption. It is especially well suited to this alloy
in that removal of oxide layer is unnecessary and the
aging and nitriding treatments can be combined into
a single-step operation. An additional advantage is
that the thicknes of the diffusion zone and the “white”
layer and their microstructure and cornposition can
be controlled by the nitriding treatinent parameters:
composition, pressure, and flow rate of the gas as
well as the temperature, voltage, and current.

Friction and wear of 15-5PH are reduced substantially
by ion implantation of Ti and C. Results (Ref. 36)
for polished samples implanted to fluences of
5x10' Ti/mm? at 180, 150, 120, and 90 keV, in that
order, and 2x10'® C/mm? at 30 keV are shown in
Figures 4.4.5.1 and 4.4.5.2. Ti concentration based on
previous work in Fe were estimated to range from
approximately 20 atomic percent over a depth of 2
p-in., to approximately 10 atomic percent at 3 g-in.,
and to zero at approximately 6 y-in. C concentration
profiles were estimated to be nearly identical to Ti
concentration profiles.
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The friction coefficient (Figure 4.4.5.1) is reduced
about 50 percent by ion implantation for all loads
studied, seemingly independent of pin material,
and due to the production of an amorphous surface
layer by the implanted ions (Ref. 37). For all tests in
Figure 4.4.5.1, the coefficient of friction initiated at
a value between 0.2 to 0.7 gradually increased 20 to
100 percent over 100 to 250 cycles, and then remained
essentially constant over the balance of 1000 cycles.
Only the final coefficient of friction after 1000 cycles
is shown in Figure 4.4.5.1.

Maximum wear depth results after 1000 cycles of
unlubricated wear are shown in Figure 4.4.5.2. Wear
increased with load at rates somewhat independent
of pin material. At the lowest loads, the mean
maximum wear depth (MWD) was decreased by
ion implantation to 5 percent of the value of the
unimplanted samples. For the 440C pins, this
beneficial reduction in wear completely disappeared
at loads > 30 g, whereas for the 304 pins a reduced
wear depth corresponding to 66 percent of the
unimplanted value persisted to the highest load
studied (30 g).

Wear scar diameter on the harder 440C pins was
less than 0.001 in for both ion implanted and
unimplanted plates at all Hertzian stress levels, Wear
scar diameters on the softer 304 pins varied with
stress and plate condition (See Table 4.4.5.3), and
were significantly less when mating was with an ion
implanted plate. The 304 pins were shortened by wear
a maximum of 0.001-in when mated with unimplanted
plates and by a maximum of 0.0002-in when mated
with implanted plates.

Wear tracks topography was characterized by fine
parallel grooves at low Hertzian stress levels, changing
to galling and debris generation which increased
with increasing stress at the higher stress levels.
The change in wear track topography occured at
the stress level where reduction in wear due to
implantation disappeared.

Implanted plates had no titanium in the wear tracks
after 1000 cycles at stresses > 146 ksi, but significant
amounts remained at lesser stresses. Wear scars on
the pins evidenced transfer films containing titanium,
in larger amounts for the 304 pins than for the 440C
pins.

The above study was repeated (Ref. 38) using N* ion
implantation as the variable affecting dry friction and
wear behavior. Polished samples were implanted
to fluences of 4.0x107 N* /cm? at 50keV. Peak con-
centration was 45 atomie percent at a depth of 2.8 p-in.
dropping to about 10 atomic percent at 4.7 p-in.
The implanted alloy exhibited reduced wear at low
Hertzian stresses but no significant reduction in
the friction coefficient (Figures 4.4.5.5 and 4.4.5.4,
respectively). At the lowest normal load studied
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(12.3g = 123 ksi Hertzian stress}, the average
maximum wear depth of the N* implanted alloy
{about 0.04 p-in.) was only about 10 percent of the
unimplanted value; but at normal loads of 50g
(236 ksi} or above, the benefit of implantation
disappears (see Figure 4.4.5.5). With the exception
of 304 pin wear, implantation with Ti and C ions
reduced friction and wear twice as effectively as
N* jon implantation {see Figure 4.4.5.6).

4.4.5.1 [Figure] Influence of titanium and carbon
ion implantation on unlubricated friction coefficient
after 1000 pin-on-disc revolutions.

4.4.5.2 [Figure] Influence of titanium and carbon
ion implantation on unlubricated wear depth after
1000 pin-on-disc revolutions.

4.4.5.3 [Table] 304 stainless steel pin wear in pin-
on-disc tests of Ti and C ion implanted plates and
of unimplanted plates.

4.4.5.4 [Figure] Influence of N* implantation on
unlubricated friction coefficient after 1000 pin-on-
disc revolutions.

4.4.5.5 [Figure] Influence of N* implantation on
unlubricated wear depth after 1000 pin-on-disc
revolutions.

4.4.5.6 [Figure] Influence of ion implantation (Ti
and C or N*) on unlubricated friction coefficient
and mean maximum wear depth at 173 ksi Hertzian
stress, expressed as ratios of unimplanted to
implanted values.

One of the chief drawbacks of PH stainles steels is
their susceptibility to hydrogen embrittlement.
General sensitivity to hydrogen embrittiement is
demonstrated in Figure 4.4.6.1, where the ductility
of electrochemically charged and uncharged tension
specimens is compared over a broad range of tensile
strength for a typical PH stainless steel. Ductility loss
for 15-5PH alloy in two aged conditions, cathodically
charged by immersion in a 10 percent H,50, sohation
containing 10 mg/1 of AS,Q, as a poison, at a current
density of 90 A/m? for times ranging from 0.5 to 24
hours, is shown in Figure 4.4.6.2 for time up to 8
hours. Yield strengths of charged and uncharged
specimens were nearly the same. The higher
strength H 1025 condition shows a significantly
greater susceptibility to hydrogen embrittlement
than does the H 1050 treatment. Only 8 hours of
charging time is required for complete loss of duc-
tility compared to 16 hours for the H 1050 condition
(not shown). The hydrogen embrittlement appears
somewhat reversible. One specimen in the H 1050
condition was charged for 8 hours and then allowed
to stand at ambient room temperature for 63 hours.
The subsequent tensile test showed that the ductility
recovered t0 a significant extent, being 36 percent
RA compared to 4 percent for an 8-hour charge.

Code 1513
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Via strong binding energy to the alloy, certain
additives (inhibitors) to liquid or gasious media
can occupy atom sites on the alloy's surfaces, thus
preventing a metal-hydrogen bond and thereby
inhibiting the entry of hydrogen. These inhibiting
films imposed on the surface offer protection through
alteration of surface adsorption characteristics, as
described in Reference 33.

In a review of the literature (Ref. 33), borax nitrite
is claimed to be the most effective amongst a large
number of candidate inhibitors, including phosphates,
chromates, nitrates, amines, and alcohols. The
effectiveness of the borax-nitrite inhibitor system
was observed in both sustained-load and cyclic-load
experiments.

Metallic and nonmetallic thin surface films prevent
{or at least reduce) hydrogen entry if the film has a
lesser binding energy for hydrogen than for the alloy,
and a low hydrogen solubility and /or diffusivity.
“Thin” in the context used here means coatings from
a monolayer of atoms to something on the order of
10¢ micrometers (4 x 105 t-in) in thickness; not
paint, spray, or clad coatings and the like where
entry of hydrogen is prevented essentially by
mechanical screening barriers. “Thin” films retard
hydrogen entry either through a surface adsorption
effect or by possessing a low diffusivity and/or a
low solubility for hydrogen. The literature review
cited above (Ref. 33) offers several candidate metallic
and nonmetallic surface coatings. Tungsten has the
lowest hydrogen permeability of the metals studied,
while TiO, and Al,O; nonmetallic coatings are pro-
tective in thin layers of the order of 2 p-in. TiQ, film
protection is demonstrated in Figure 4.4.6.3. Reduc-
tion in area is plotted against coating thickness for
specimens hydrogen charged for four hours. The
reduction in area for uncoated and uncharged
specimens averaged 69 percent. That for 2 p-in thick
coated specimens was approximately 60 percent;
that for 20 p-in thick casting about 67 percent. Both
casting thicknesses were effective in preventing
hydrogen embrittlement.

The influence of hydrogen charging time on ductility
for 20 p-in thick TiO, coated specimens is shown in
Figure 4.4.6.4. There is some loss in ductility for 40-
hour charged specimens, but those specimens are
still considerably more ductile that 4-hour charged
uncoated specimens (for which the reduction in
area is about 15 percent; see Figure 4.4.6.3). The
literature (Ref. 33) suggests that nonmetallic films
appear to be superior to metallic thin films for
preventing hydrogen entry and subsequent
embrittlement.

For stainless steels it is possible to thermally grow
adherent oxide films of hundreds of nanometers
thickness at temperatures in the vicinity of 1800F.
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These films offer extensive protection and appear
to be abrasion proof.

4.4.6.1 {Figure! Effect of strength on ductility loss
for typical PH steel specimens hydrogen charged
at 90A /m? and tensile tested at room temperature.

4.4.6.2 {Figure] Effect of hydrogen charging on
ductility of rod in H 1025 and H 1050 conditions.

4.4.6.3 [Figure] Effect of TiO, film thickness on
ductility of specimens hydrogen charged four
hours at 90A /m? and tensile tested at room
temperature.

4.4.6.4 [Figure] Effect of hydrogen charging time on
ductility of TiO, coated (20 m-in. thick) specimens
(F1 1025 condition) tensile tested at room temperature
after charging.
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Table 1.3.1 AMS specifications for wrought products
(Refs. 5, 6, 19)

Table 1.3.2 ASTM specifications for wrought products
(Refs. 23-25)

Alioy 15-5PH Alloy 15-5PH
Multiple Melted Using Consumable Congition A and H 900 through H 1150
Alloy Grade Electrode Practice During Remelting or
Using Electroslag Process in the Form Plate, Sheet, Hot-rolled and Forgings
Final Melting Cycle and Strip Cold-finished

Condition A and H 900 through H 1150
Form Bars, Wire, Forgings, Sheet, Strip,
Flash Welded Rings, and Plate

Extrusions, and
Stock for Forging,
Flash Welded Rings

or Extrusions
AMS 5658C (5) ‘
(Reference) 5658H (6) 5862D (19)

Table 1.3.3 AMS specifications for investment castings
(Refs. 13-17)

Bars and Shapes

ASTM AB93-93 | AS5B4/A 564M-5 | A 705/A 705M-95

Specification ) " f
[?!z‘;erence] (XM-12) [23] | (XM-12) [24] (XM-12) [25)

Table 1.3.4 AMS specifications for tubular centrifugal
castings (Ref. 18)

Alloy 15-5PH Alloy 15-5PH
Form Investment Castings Form Tubular Centrifugal Castings
AM?RSG?:::;::g:;ion Condition Condition A (Hardness BHN 363 max)
AMS Specification 53487
53464 {13) H 925 (F,,, = 180 ksi)
5400 (17) H 835 (Fy, = 170 ksi)
5347 (14) H 1000 (F,, = 150 ksi)
5356 (15) H 1100 {F,, = 130 ksi)
5357 (16) A (Hardness Rg 31 max)
Code 1513
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Table 1.4.1 Specified composition for wrought products (Refs. 1, 5, 6, 19, 23-25, 27)

Ferrous Alloys « FEAH
15-5PH

Alloy 15-5PH
Source Armeo (1, 27) AMS (19) AMS (5, 6)
ASTM {23-25)
Form All Wrought Products Sheet, Strip, and Plate Bars, Wire, Forgings, Flash Welded
Rings, Extrusions, and Stock for Forging,
Flash Welded Rings or Extruding
Grade Air melt or consumable electrode Multiple melted using vacuum-arc Multiple melted using vacuum arc
vacuum arc remelt consurmable electrode or electroslag consumable electrode practice during
processes in the final melt remelting or electroslag process in the
final melting cycle
Weight Percent
Minimum Maximum Minimum Maximum Minimum Maximum

Carbon — 0.07 - 0.07 — 0.07
Manganese -_ 1.00 — 1.00 — 1.00

Silicon - 1.00 — 1.00 — 1.00
Phosphorous — 0.040 — 0.030 — 0.030

Sulfur — 0.030 — 0.015 — 0.015
Chromium 14.00 15.50 14.00 15.50 14.00 15.50

Nickel 3.50 5.50 3.50 5.50 3.50 5.50

Copper 2.50 450 2.50 4.50 2.50 4.50
Columbum + 0.15 045 50 0.45 - —
Columbium — — — — 5xC 0.45

Tantalum — — — — — 0.05
Molybdenum — — — 0.50 — 0.50

Iron Balance Balance Balance
Code 1513
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Table 1.4.3 AMS specified co:ﬁpositicln for investment

(Ref. 9) castings (Refs. 13-17)
Alioy 15-5PH Alloy 15-5PH
Form Castings Source AMS (13) AMS (14-17)
Type of Casting Investment Sand and Centrifugal Form Investment Castings
Welght Percent Condition/ | H925/F, =180ksi | H935/F, =170 ksi
Grade H 1000 / Fy, = 150 ksi
Minimum | Maximum | Minimum | Maximum H 1100/ Fy, = 130 ksi
Carbon — 0.0% — 0.05 A/ Hardneszn-g Rg 31 max
Manganese - 0.60 — 0.60 Welght Percent
Phospherous - 0.03 — 0.03 Minimum | Maximum | Misimum | Maximum
Sulfur - 0.03 - 0.03 Carbon — 0.05 — 0.0
Siticon 0.50 1.00 050 1.00 Manganese — 0.60 — 0.60
Chromium 14.5 15.5 14.5 155 Silicon 050 1.00 0.50 1.00
Nickel 42 5.0 42 3.0 Sulfur _ 0.025 _ 0.025
Copper 2.8 3.3 2.5 3.2 Phosphorous — 0.025 — 0.025
C°T";':|‘tgm * 0.15 0.30 0.15 0.30 Chromium 14.00 15.50 14.00 15.50
Nitrogen _ 0.05 _ 0.05 Nickel 4.20 5.00 4.20 5.50
Iron Balance Ralance Copper 2.50 3.20 2.50 3.20
Coumblum + | g.15 030 015 0.30
Tantalum — 0.10 — —
Nitrogen — 0.05 — 0.05
Iron Balance Balance
Code 1513
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Table 1.4.4 AMS specified composition for tubular

centrifugal castings (Ref. 18)

Ferrous Alloys * FeAH

15-5PH

Alloy 15-6PH
Form Tubular Centrigugal Castings
Conditien/Grade H925/Fy, = 180 ks
Weight Percent
Minimum Maximum

Carbon - 0.05
Manganese - 0.60
Silicon 0.50 1.00
Phosphorous — 0.025
Sulfur - 0.025
Chromium 14.00 16.50
Nickel 4,20 5.00
Copper 2.50 3.20
Aluminum — ¢.05
Tin — 0.02
Nitrogen — 0.05

Iron Balance

Code 1513
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Table 1.4.5 AMS specified compostition for weld electrodes and wire (Refs. 20-22)
Alloy 17-4PH 15-5PH 17-4PH
Source AMS (20) AMS (21) AMS (22)
Form Weld Wire Weld Wire Weld Electrode
Weight Percent
Minimum Maximum Minimurm Maximum Minimurm Maximum
Carbon _ 0.05 0.025 0.050 — 0.05
Manganese 0.25 0.75 0.25 0.75 0.25 0.75
Silicon _ 0.75 — 0.60 — 0.75
Phosphorous — 0.025 —_ 0.020 — 0.04
Sulfur — 0.025 - 0.010 - 0.03
Chromium 16.00 16.75 14.40 15.30 16.00 16.75
Nickel 4.50 5.00 475 5.50 4.50 5.00
Columbium 0.15 0.30 5xC 040 0.15 0.30
Copper 3.25 4.00 3.00 3.50 3.25 4.00
Molybdenum _ 0.75 — 0.30 — 0.75
Tantalum — - — 0.05 — —
Atuminum — —_ — 0.025 — -
Oxygen — — — 0.01 — —
Nitrogen — — — 0.040 —_ —
Hydrogen - - — 0.0006 —_ —
Iron Balance Balance Balance
Code 1513
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Table 1.52 Age condition A to H Conditions 15-5PH ' | ‘
(Precipitation hardening heat {reatment schedules) 1-3/8-in. diameter Bar
(Refs. 1, 2, 5, 6, 27) 185F 1/2-hr, AC or 0Q + Age 700F, AC
O Aging in Argon environment {control)
Alloy 15-5FH A Immediate values after aging in Hydrogen environment
w0k O Values after several weeks outgassing of specimens  __|
A ' aged in Hydrogen environment
" |_o—op o
- emperature ) -
Condition + 1552 Time (hr) Cool 5 /c/f P/g
: 37.2 i
(%]
H 900 900 1 A £ /
E 358
H 925 925 4 Air =
344
H 1025 1025 4 Air $
; 33.0
H1100 1100 4 Ar Aging Time (hr)
H1150 1150 4 Ar Figure 1.5.2.2.1 Influence of hydrogen aging treatment
H 1150 + 1150 4 fir environment on age hardening at 700F (Ref. 59)
followed by
H 1150 1150 ] Ar
H 1150-M 1400 2 Ar
followed by
1150 4 Ar

3 AMS (5, 6): Temperature + 10F, Time £ 0.3 hour.

156PH ! | | 15-5PH ' l ’
-3/8-in. diameter Bar 1-3/8-in. diameter Bar
1895F 1/2-hr, AC or OQ + Age 800F, AC 1895F 1/2-hr, AC or 04} + Age S00F, AC
O Aging in Argon environment (control) O Aging in Argon environment (control)
& Immediate values after aging in Hydrogen environment A Immediate values after aging in Hydrogen envirenment
O Values after several weeks outgassing of specimens O Values after several weeks outgassing of specimens
46,0 - aged in Hydrogen environment —] 445 |- aged in Hydrogen environment —
I P
——r
44.2 - 438
— — -—'0—\
= 4 %%’\o-oﬁ\
w424 W 43
u 2 A=l Vgl ‘:\ B A
E £ /(& "w\ H 0
5 408 5 424 a—sis
= z . .
388 a7 \A\T
3
37.0 41.0
0 5 10 15 20 25 0 5 10 15 20 25
Aging Time (hr) Aging Time (hr)
Figure 1.5.2.2.2 Influence of hydrogen aging treatment Figure 1.5.2.2.3 Influence of hydrogen aging treatment
environment on age hardening at 800F (Ref. 59) environment on age hardening at 900F (Ref. 59)
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15-5PH

155PH ! | | 15-5PH ' [ |
1-3/8-in, diameter Bar 1-3/8-in. diameter Bar
1895F 1/2-hr, AC or OQ + Age 1000F, AC 1895F 1/2-hr, AC or 0Q + Age 1100F, AC
< Aging in Argon environment {control) O Aging in Argon environment (control)
A Immediate values after aging in Hydrogen environment A Immediate values after aging in Hydrogen environment
11 Values after severzl weeks outgassing of specimens 0O Values atter several weeks outgassing of specimens
430 |- aged in Hydrogen eavironment — 420 | 2ged in Hydrepen environment —]
41.4 396
cl &
-w“' 398 | Eﬂ 37.9
[ [-+3
5 s
g 382 P—r—r s 8 X
= D\D\k = &:O, 00~
o e —o— b
36.6 e 324
s
35.0 300
0 5 10 15 20 25 0 2.4 48 7.2 100 12.4
Aging Time (hr} Aging Time (hr)
Figure 1.5.2.2.4 Influence of hydrogen aging treatment Figure 1.5.2.2.5 Infiuence of hydrogen aging treatment
environment on age hardening at 1000F (Ref. 59) environment on age hardening at 1100F (Ref. 59}
15-5PH T T | | ‘ Table 1.5.2.3.1 Dimensional change {contraction) from
1-3/8-in. diameter Bar hardening heat treatment (Ref. 27)
1895F 1/2-hr, AC or 0Q + Age 900F, AC
O Aging in Argon environment {control) Alloy 15-5PH
180 A tmmediate values atter aging in Hydrogen environment
™ O Values after several weeks outgassing of specimens | Form Sheet and Strip
aged in Hydrogen environment
180 | |
L Condition Dimensional Contraction {in./in.}
170 N
W&. h“"‘\ H 900 0.00045
g >
= e <o I 180 H 925 0.00051
u
150 B@ﬁ; : 170 H 1025 0.00053
Pl o .
40 ] ” 160 £ H1100 0.0008
130 “ o
13 \ 140 H 1150M 1400 = 0.00037
!L / E . 1150 - 0.00206
T ol | 130 therefore, 1400 + 1150 = 0.00243
2 W TS
E » - \tQ Each value single test from single heat; can vary from heat to heat.
3 \v ™ 5
10
g

0 2 4 6 8 0 12 14 16
Aging Time {hr)

- Figure 1.5.2.2.6 Influence of hydrogen aging treatment
environment on 900F aged tensile properties (Ref. 59)
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Hardness (VHN (5N})

Hardnass (VHN (5N))

600 T

 15-5PH

3/4-in, diameter Bar

500 |- 1904F 1 hr, AC + age, 2 hr, AC
400 312 VHN {5N) !i‘
300 e =" "
200
100 L L L

0 400 800 1200 1600

Aging Temperature (F)

Figure 1.6.3 Effect of aging temperature on

hardness of bar (Ref. 54)

goo | 15-5PH
3/4-in. diameter Bar
" 1904F 1 hr, AC + age, AC Age T
500 ! . ge Temp
| é 752F
a0 B42F]
% —————— & o32F
300 * : 1112F
— 312 VHN (5N)
200
100
2 4 32 64
Aging Time (tr)

Figure 1.6.5 Effect of aging time on hardness of

bar (Ref. 53)

Hardness (VHN (5N}))

Hardness {Rg)

600

500

400

3u0

200

100
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15-5PH

|
15-5PH | !
| 3/4-in. diameter Bar
| 1904F 1 hr, AC + age, AC Age Temp
[ 5 gr # ¢ 752
: » O. 5 842k __|
M — 932F
% AL [
_ 312 VHN (5N)
0 A 100 300 500 700
Aging Time (hr)

Figure 1.6.4 Effect of aging time on hardness of

bar (Ref. 54)
50 T
15-5PH |
0.866-in. diameter Bar
1904F 1/2 hr, WQ + 2ge, 2 hr, AC
45 }{T\Q
o J \@\\
C
35 rot
30
600 700 800 900 1000 1100

Aglng Temperature (F)

1200

Figure 1.6.6 Effect of aging temperature on hardness

of bar (Ref. 53)
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15-5PH

15-5PH ! | 15-5PH ' l
0.866-in. diameter Bar 0.866-in. diameter Bar
1904F 1/2 hr, WQ + age, AC |- 1904F 1/2 hr, WQ + double age {2 + 2 hr), AC -]
45 — 45 /40’
o
< B o] —
_ 2 O 'O"(TO_O—O#—O’O—"‘O’ «
< 5 i ' S
g [ 1 " —
E 40 T w P
B o—|® 1
= —
125 [0 —
® -.-. -~ .
35 A
£ 125 =5 1 =06 —» ] °N° \
N S g o> —
g: 100 ‘\‘o’ 'L\-‘_\-A Ovs .\‘!a‘ S = o ‘e
« 2 V2 wg |\ o = = A
= - 2 (\ = = O\ ?«‘\O ¥ o = \
@ o 75 AN LY o= O
SE » LATSI®] \ @ Q|0 »
2= * a0\ & = 75
S 50 ~ - —i‘@' AT - T = —\-1-“. ‘: \ \.\
g e A“” —o 'E —
] o]
25 =
103 104 105 108 5 50
= 1st Agin 2nd Agin
Aging Time (sec) = o assr%]gr - - sauﬂ_g'
® 1040F 2 hr — — 78BF
Figure 1.6.7 Effect of holding time at the aging %5 == o e P
temperature on hardness and notch tensile strength
of bar (Ref. 53) 2nd Aging Time (sec)
Figure 1.6.8 Effect of aging time on hardness and
notch tensile strength for specimens aged at a lower
temperature subsequent to pre-aging for 2 hours at
a higher temperature (Ref. 53)
i ]
1?9%':'; WO+ Weld + A Table 1.9.5.1 Effect of heat treatment on shear beam
600 |- - Wi+ el + Age force transducer mechanical hysteresis (Ref. 31)
550 |- O 0O Base Metal
o m Weld Fusion Zone 842F Alloy 15-5PH
? 500 |
% 450 el oy Heat Treatment (Condition) Hysteresis {u V)
& 752F
£ e H 900 70
&
T 350 1 1
Welds made with 5 kW continuous wave GO, laser, 254 mm Special Temperature Profile® 2.5
300 |- focusing lens. Specimen 1-in. x 1-in. thick. Travel speed |
a5 L3 mmisec and 123 mrm/sce. ‘ : Special Temperature Profile 26
100 101 102 108 10! above, but Higher Cooling Rate ’

Aging Time (min
ging {min) 3 proprietary; however, it is suspected that solution temperature plays

a significant role and should not be tog high if good hysteresis
Figure 1.6.9 Effect of aging time at 752F and 842F performance is to be achieved.
on hardness of base and weld metal (Ref. 58)
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14

155FH [
Condition H 900 .
17-4PH data, not expected to be }O/

12| ditterent for 15-5PH =

10 //

Thermal Conductivity
(Btu fifhr 2 F)

0 200 400 600 800 1000

Temperature (F)

Figure 2.1.3 Thermal conductivity (Refs. 1,7, 27)

Table 2.1.5 Specific heat (Refs. 1, 7, 27)

Agrospace Structural Metals Handbook

Alloy 15-5PH2

Conditien A H 900

Specific Heat (32/212F)
Biu/lb F 011 0.10

2 17-4PH data, not expected to be different for 15-5PH.

Table 2.2.1 Density (Refs. 1, 7, 27)

Alloy 15-5PH2
Condition A . H900 H1075 H 1150
Density
{Ib/cuin.} 0280 |. 0282 0.283 0.284
{gr/cu cm} 7.78 7.80 7.81 7.82

4 17-4PH data, not expected to be different for 15-5PH.

Table 2.2.2 Electrical resistivity (Refs. 1, 7, 27)

Alloy 15-5PH2

Gondition A H 500

Elsctrical Resistivity

{microhm-inch) 38.5 30.3

3 17-4PH data, not expected to be different for 15-5PH.

Ferrous Alloys « FRAH

15-5PH

15-5PH
— 9} 17-4PH data, not expected to be differentfor 15-5PH
) Mean coefficient linear thermal expansion irom
= RT to temperature indicated
= et
= 8 Condition
o A A
= B H900
_5 O H1075 |
e T & H150
o
&
& B ’/
E 2
o
=
=

5

-200 0 200 400 600 800 1000

Temperature (F)

Figure 2.1.4 Thermal expansion (Refs. 1, 7, 27)

155PH ' | |
0.866-in. diameter Bar
1904F 1/2 hr, WQ + ap, 10 min, AC

R, = Resistivity before aginp
Ry = Resistivity after aging

2 | ot

SN

-20

oo
0.2 A

-dR/dT
Q
8
el
AN
-

0.2
500 600 700 800 900 1000 1100 1200 1300
Aging Temperature (F)

Figure 2.2.2.1 Effect of 10-minute aging temperature
on change in electrical resistivity and its temperature
derivative (Ref. 53)
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15-5PH | 15-5PH ' I | ‘
0.866-in. diameter Bar 0.86B-in. diameter Bar
1904F 1/2 hr, WQ + age, AC 1904F 1/2 hr, WQ + 1040F 2 hr, AC + Age at
R, = Resistivity before aging templeraturg |r3dfcated 2 hr, AG
Ry = Resistivity after aging R, = Resistivity after aging at 1040F for 2 hours
0 ) . Ry = Resistivity after double aging
] e
O
= Q‘C\Q
- :
5 l \
[—] -0
2 -10 © -2
Ll f -0
» o = & J/
o o N
(-3
i zﬂ _II
= =
=1 5 -4 0.04
n'é /:/0\ -dR'idT
0,0; 0 5
O~ o %-
30 \l .
101 \O-'O—O"-O
-0.04
Aging Time (sec) 500 600 700 800 900 1000 13100

Aging Temperature (F)
Figure 2.2.2.2 Effect of aging time on change in electrical

resistivity over a range of aging temperatures (Ref. 53) Figure 2.2.2.3 Effect of 2-hour aging temperature on
electrical resistivity and its temperature derivative
for specimens pre-aged at 1040F for 2 hours (Ref. 53)

156PH ’ I | 15-5PH
0.866-in, diameter Bar 1-inch Hot Ralled Bar
1904F 1/2 hr, WQ + double age (2 + 2 hr), AC 1/2-inch diameter x 11-inches long specimens
Ry = Resistivity atter aging at 1D40F for 2 hours 14 [+ Airmelted 17-4PH data, not expected to he different ;
Ry = Resistivity aiter double agi for 15-5PH ———
4= ging / o
- s So g, | 11100 ) e
P Caaka [
S .73 /
" .5 G, ™

10 ’\/( o
A 6 /f/ y\HHSD

P D i/
I/

Rq- Ry
o
7
Induction (Kilogausses)

5 2
101 102 1° 104 105 108
Aging Time (set) 0
0 20 40 60 80 100 120 140
Figure 2.2.2.4 Effect of aging time on electrical resistivity Flold Strength (Oersteds)
for specimens aged at various temperatures subsequent
to 1040F, 2 hour pre-age (Ref. 53) Figure 2.2.3.1 Induction curves (Ref. 10}
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= -20 0

Field Strength {Oersteds)

Figure 2.2.3.2 Hysteresis curves (Ref, 10)

15-5RH i ' ‘
1-inch Hot Ratled Bar
12 [ 1/2-inch diameter x 1-inch long specimens —
Air melted 17-4PH data, not expected to be different
for 15-5PH
10 H1075 |, H 1100 and H 300
7 LA
(R H 1150
// .
B /./ /’ v . P r S
g 4 f' [
& A ¢
a A
g [ /l 2z .’
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15-5PH

Table 2.3.1.1 Corrosion of consumable electrode vacuum
arc remelted 15-5PH and air melted 17-4PH in several
corrosive media (Refs. 1, 12, 27)

Alloy 15-5PH 17-4PH
Form 1-inch Round Bar
Condition CVM Air Melt

Boiling 65 perce

nt HNO, - Average of five

48-hour periods?

H 900 0.0083 |PM3 0.014 IPM
H 1025 0.0106 IPM 0.007 IPM
H 1150 0.0083 IPM 0.0065 IPM

1 percent HC1

at 95F - Average of five 48-hour periods ®

H 900 0.025 |pyD 0.035 IPY
H 1625 0.085 IPY 0174 IPY
H 1150 0.730 IPY 0.650 IPY
Commercial Bleach - 7 days at 95F®°
H 800 0.0016 IPY 0.03 IPY
H 1025 0.013 IPY 0.03 IPY
H 1150 0.0083 IPY 0.03 IPY
5 percent Salt Fog at 95F - 10 days"
H 800 No rust & - 10 percent rust
H 1025 0 - 5 percent rust® 10 - 25 percent rust
H 1150 0 - 5 percent rust 5 - 10 percent rust

2 IPM = Inches per month.

B |pY = tnches per year.

C Percentage of total exposed area that rusted during test period.

4 Tested according to ASTM Standard A 262.
® Tested according to ASTM Standard A 279.
t Tested according to ASTM Standard B 117.

Code 1513

Page 23




FeAH - rerrous Alloys Aerospace Structural Metals Handbook Revised: March 1997

15-5PH

Table 2.3.2.1 Stress corrosion cracking behavior of bar in three salt media (Refs. 60, 61)

a. Conventional tensile properties and salt spray and sea coast continuous exposure

Alloy 15-5PH

Conventional Tensile Properties

Heat (Reference) Form Condition Test Direction Fry (ksi) Fty {ksi} @ {percent)
H 1000 ST 165 160 9
A (60) 3-in x B-in Bar H 1050 ST 160 158 10
H 1000 LT 158 158 9
H 1050 LT 156 156 9
- H 1000 T 168 164 14
B (60} 3-in Diameter Bar H 1050 T 162 158 16
. . H 900 ST 19 170 20
C (60} 2 1/4-in x 6-in Bar H 1000 5T 166 154 19
o H 900 L 189 173 11
D(61) 2-in Diameter Bar H 525 L 187 163 11
H 1025 L 164 156 9

Continuous Exposure®

Heat Form Condition Test Applied Stress 5% Salt Spray Sea Coast®
(Reference) Direction {ksi) (% Fy) | FNC | Exposure Time | FN® | Exposure Time
H 1000 ST 80 50 0/
H 1000 ST 120 75 03
H 1000 ST 160 100 013
H 1050 ST 79 50 013
. H 1050 ST 119 75 013
A (60} 3-in x 6-in Bar H 1050 ST 158 100 073 6 mos 0/5 14 mos
H 1000 LT 79 50 073
H 1000 LT 119 75 03
H 1000 LT 158 100 073
H 1050 LT 78 50 03
H 1050 LT 117 79 013
H 1050 LT 156 100 03
H 1000 T 82 50 /5
H 1000 T 123 75 0/4
B (60) 3-in Diameter Bar H 1000 T 164 100 03 6 mos 04 14 mos
H 1050 T 79 50 0/5
H 1050 T 119 75 074
H 1050 T 158 100 0/4
H 900 ST 128 75 0/5 14 mos
C (60} 2 1/4-in x 6-in Bar H 900 sT 170 100 12 < 180 days 2/5 | 366, 384 days
H 1000 ST 116 75 0/5 14 mos
H 1000 ST 154 100 0/4 6 mos 0/5 14 mos
Code 1513
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Table 2.3.2.1 {cont’d) Stress corrosion cracking behavior of bar in three salt media (Refs. 60, 61)

b. Salt water alternate immersion

15-5PH

Alternate Immersion Exposure

d

Applied Stress

3.5% Salt Water Alternate Immersion®

Heat Form Condition Test
(Reference) Direction {ksi) {% Fiy) F/NC Exposure Time
. . H 900 ST 170 100 22 156, 158 days
C (60) 2VainxGinBar | yyopg ST 154 100 o4 6 mos
H 900 L 130 75
H 800 L 173 100
D (61) 2-in Diameter Bar H 925 L 123 75 073 6 mos
H 925 L 163 100
H 1025 L 17 75
H 1025 L 156 100
@ Kennedy Space Center.
b 1/8-inch diameter tensite specimens.
C F/N = ratio of failures to total number of specimens exposed.
9 C-ring specimen.
¢ 10 minutes in solution; 50 minutes out of solution.
Code 1513
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Table 2.3.2.2 Stress corrosion cracking of strip in marine atmosphere (Ref. 63)

Revised: March 1997

Alloy 15-5PH
Heat Condition Fry Fiy Hardness Time (days) to Failure at
(ksi) fhsi) R 100% Fy 2 75% Fy,?
H 900 201 180 445 22,22, 22 22,22,22
A H 925 187 172 425 229, 225, 266° 220,229 109"
HT5 173 163 385 NF, NF, NF NF, NF, NF
H 1025 165 159 375 NF, NF, NF NF; NF, NF
A 158 133 43.0 NF, NF, NF NF, NF, NF
B H 900 196 173 445 21,21, 21 21,21, 26
H 925 190 166 415 23b, 230, 230 23b, 23b, 23%
H 975 170 159 395 NF, NF, NF NF, NF, NF

& 1-inch x 8-inch x approximately 0.060-Inch thick bent strip specimens exposed to a marine atmosphere on test racks facing the turf, tilted 30

degrees to the horizontal, located nominally 80 feet from the Attantic Ocean at Kure Beach, Narth Carolina.
® Failure at stamped identification number near end of specimen,

© NF, no failures.

Table 2.3.2.3 Effect of aqueous salt environment and
specimen orientation on stress corrosion cracking
threshold, Ko, (Ref. 51)

Alloy- 15-5PH
Condition Envircnment Qrientation Kisee (ksi <in.)
)
H 900 3.5% NaCl LT 56
20% NaCt T 33

Code 1513
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Table 2.3.2.4 Tensile, plane strain fracture toughness, and stress corrosion cracking stress intensity factor in 3.5 percent
aqueous salt solution for air melted and CVM billet in H 900 and H 1000 conditions (Ref. 64)

Alloy 15-5PH
Form Condition Fy, 2 (ksi) Foy? (ki) e? (percent) Kio? tksi vin) | Kigee®C (ksi vin))
3-in Sq Billet H 900 195.7 175.0 16 gg.ad 800+ 2.0
4 1/2-in Sg Billet H 900 1915 1749 14 745 558+38
(CVM} H 1000 162.9 157.6 15 12004 120.0
2 direction.
B LT crack plane orientation.
¢ In 3.5 NaCi aqueous solution,
9 Not valid acording to ASTM E 399.
€ No stress corrosion crack growth at stress intensity factor levels below approximately 85% Kg.
15-5FH
1/4-inch diameter Rod
Specimens submerged in 5% NaGl-0.5% acetic acid solution
purged 1/2-hr with argon and saturated with HoS gas.
Rg Hardness in parentheses
75
2
a
£ 5
(]
-
2
: QF
=
25 O
" H 1100 (34.0)
*NACE = Aged 1150F, 4 + 4 hr, AC
10 100 1000
Time ta Failure {hr)
Figure 2.3.2.6 Sulfide stress corrosion cracking of
rod {Ref. 62)
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Table 3.1.1 Producer’s guaranteed mechanical properties (Refs. 1, 2)
Alloy 15-5PH
Form See foolnotes
Condition H 900 H 925 H 1025 H 1075 H1100 H 1150 H 1150-M
Longitudinal Direction &b
Ftu- min (ksi) 190 170 155 145 140 135 _115
Fty, min (ksi} 170 155 145 125 115 105 75
e {2-in. or 4D) min
(percent) 10 10 12 13 14 16 18
RA, min (percent) 35 38 45 45 45 50 55
Ha“’"ess('ﬁga)“ge' min 40- 47 38 - 45 35 - 42 31-39 32-38 28 - 37 24 - 30
Charpy-V Impact Energy,
min (ft-ths) 4 5 15 20 25 30 55
Transverse Directiond
Ftu' min (ksi) 190 170 155 145 140 135 115
Fty' min (ksi) 170 155 145 125 115 105 75
@ (2-in, or 4D) min
(percent) 6 7 8 9 10 11 14
RA, min {percent) 15 20 27 28 29 30 35
Har""ess('HS“ge' min 40- 47 38 - 45 35 - 42 31 -39 32 - 38 28- 37 24-30
Gharpy-V Impact Energy,
min {ft-ibs) c ¢ 10 15 15 20 35

2 |ntermediate Jocation, (midway between center and edge).

b Air melted {up to 8-inch sections) or consumable electrode vacuum arc remelted (up to 12-inch sections).

¢ Minimum impact properties are not guaranteed in this condition.

o Consumable electrode vacuum arc remelted (up to 12-inch sections).
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Table 3.1.2 AMS specified mechanical properties for air
melted alloy products (Ref. 5)2
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15-5PH

Table 3.1.3 AMS specified mechanical properties for
consumable electrode vacuum arc remelted alloy
products (Ref. 6)

Alloy 15-5PH
Alloy 15-5PH
Form Bars, Wire, Forgings, Flash Welded Rings, i ) ]
and Stock for Forgings or Flash Welded Rings® Form Bars, Wire, Forgings, Flash Welded Rings,
and Stock tor Forgings or Flash Welded Rings?
Condition H 900
Condition H 900
Fyy- min (ksi) 190
Longitudinal Transverse
Fyy®, tnin (ksi) 1o F,,. min (ksi) 190 190
& (2-in. or 40), min ) i ’
{ (pemm)) 10 Fyy» i (ks 170 170
RA, min (percent) 35 e (2-in. or 4D}, min 10 6
(percent)
Hardness (BHN or
equivalent) 388 - 448 RA, min (percent) 35 15

2 Reference 5 has been superseded by Reference 6.
% 1p 10 8-inch in section.

€ 0.2 percent offset or 0.0159-inch extension in 2-inch gage length with
E = 28.5 x 105 psi,
Specimens taken in the longitudinal direction from bars and wire, from
forgings with specimen axis approximately parallel to the forging flow
lines, and in the circumferential direction from parent metal of flash
welded rings.

Table 3.1.4 AMS and ASTM specified strength, hardness,
and bendability of solution treated sheet, strip, and plate
{Refs. 19, 23)

Alloy 15-5PH
Form Sheet, Strip and Plate
Condition A
Nominal Thickness (in.) 0.015- 0.1875
Fyy> max {ksi) 185
Fty' max (ksi) 160
€ (2-in.), min {percent} 3
Hardness?, max - Ry 38
BHN 363

180 degree Bend Radius 18 x nominal thickness®

Hardness (BHN or

equivalent) 388 - 444

4 Up to 12 inch in section.

b 0.2 percent offset or 0.0159-inch extension in Z-inch gage lergth with
E=285x108psi.

Longitudinal test requirements apply to specimens taken in the
longitudinal direction from bars and wire, specimens taken from
forgings with axis approximately parallel to the flow lines, and
specimens taken in the circumferential direction from parent metal of
flash welded rings; transverse test requirements apply to all other
specimens.

Table 3.1.5 AMS and ASTM specified tensile strength
and hardness for solution heat treated bars, forgings,
flash welded rings, and wire (Refs. 6, 24, 25)

Alloy 15-5PH
. Bars, Forgings,
Form Wire Flash Welded Rings,
and Wire
Condition A
Fy,o max (ksi) 175
Hardness?, max
c 36
BHN or equivalent 363

2 Section thickness 0.0015 to 4.00 inch.

b Product nominal thickness 0.109-fnch maximum.

2 Hardness conversions are provided in ASTM E 140.

b For bars, determined at mid-radius or quarter thickness.

Code 1513

Page 29




FeAH - rerrous Alloys Aerospace Structural Metals Handbook Revised: March 1997

15-5PH

Table 3.1.6 AMS and ASTM specified tensile properties and hardness for precipitation hardened sheet, strip, and plate
(Refs. 19, 23)

Alloy 15-5PH2
Form Sheet, Strip, and Plate®
Condition Nominal Thickness Fyy» min Fty, min € (2-in. or 4D), min RA, min Hardness, range
{in.) (ksi) {ksi) (percent) {percent} [BHN (Rc]l
H 900 <0.1875 5 —
0.1875 - 0.625 190 170 8 30 375-444 (40-47)
> 0.625 - 4.000 10 35
H 925 <0.1875 5 -
0.1875 - 0.625 170 155 8 30 352-415 (38-45)
> 0.625 - 4.000 10 35
H 1025 <0.1875 5 - .
0.1875 - 0.625 155 145 8 35 331-388 (35-42)
> 0.625 - 4.000 12 40
H 1075 <0.1875 5 —
0.1875 - 0.625 145 125 9 35 311-363 (33-39)
> 0.625 - 4.000 . 13 45
H 1100 < 0.1875 5 -
0.1875 - 0.625 140 115 10 35 302-352 (32-39)
> 0.625 - 4.000 14 45
H 1150 <0.1875 8 —
0.1875 - 0.625 135 105 10 40 269-341 (28-37)
> 0.625 - 4.000 16 50

2 Muttiple melted using vacuum-arc consumable electrode or electroslag processes in the final melling cycle.

b Products thickness 4.0 inch maximum.
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15-5PH

Table 3.1.7 AMS and ASTM specified tensile properties and hardness for precipitation hardened bars, forgings, flash
welded rings extrusions, and stock for forging, flash welded rings, or extruding (Refs. 6, 24, 25)

Alloy
Form Bars, Forgings, Flash Welded Rings, Extrusions, and Stock®
tor Forging, Flash Welded Rings, or Extruding
Condition H 800 H 925 H 1025 H 1075 H1100 H 1150
Longitudinal
Fyg Min (ks) 190 170 155 145 140 135
Fyy. min {ksi) 170 155 145 125 15 105
& (2-in. or 4D}, min
(percen] 10 10 12 13 14 16
RA, min {(percent) 35 38 45 45 45 50
Ha“";gﬁn',)“"ge 388 - 444 375 - 429 331 - 401 311-375 302 - 363 277 - 352
Transverse®
Fyy. Min {ksi) 190 170 155 145 140 135
Fyy» min (ksi) 170 155 145 125 115 105
¢ (2-in. or 4D), min
(percent] 6 10 8 9 10 1
RA, min (percent) 209 25¢ 321 230 a4t 35
“a'd’;eﬂffﬂ)"’"ge 388 - 444 375 - 429 331 - 401 311-375 302 - 363 277 - 352

2 Muttiple melted using vacuum consumable electrode practice during remelting or multiple melted using electroslag process in the final meiting cycle.

b Property specification applies to stock forged to a test coupon and heat treated. Tests on coupons taken from forged stock after heat treatment shafl

be accepted as equivalent to tests of a heat treated forged coupon,

€ Transverse tensile property requirements apply only to products from which a test specimen not less than 2-1/2 inch long or 1/2-inch x 1/2-inch

cross-section can be extracted.

9 ASTM (25) specifies RA, min = 15 percent.
€ ASTM (25} specifies RA, min = 20 percent.
f ASTM (25) specifies RA, min = 27 percent.
9 ASTM (25) specifies RA, min = 28 percent.
h ASTM (25) specifies RA, min = 30 percent.
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Table 3.1.8 AMS specified tensile properties and hardness for precipitation hardened investment castings

(Refs. 13 - 17)
Allgy 15-5PH
Form Investment Castings
Source AMS (13, 16) AMS (16, 17) AMS (14, 16) AMS (15, 16)
Condition H 925 H 935 H 1000 H 1100
Separately Cast Specimens
Fry» min (ksi) 180 170 150 130
Fry. min {ksi) 160 150 130 120
e (40), min (percent) 6 7 8 8
RA, min (percent) 15 16 18 20
Hardness, range (Rp) 40 - 44 38-47 35-42 33-40
Integrally Cast Specimens or Specimens Machined From Castings
Fy, . min (ksi) 180 170 150 130
ey, min {ksi) 160 150 130 120
e (4D}, min {percent) 5 6 8 6
RA, min (percent} 12 14 15 18
Hardness, range (R) 40 - 44 38-47 35-42 33-40

Separately cast and intagrally cast tensile specimens may be either cast to size, or cast oversize and subsequently machined to required 0.250-inch

diameter.
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Table 3.1.9 AMS specified tensile properties and
hardness for precipitation hardened tubular centrifugal

castings (Ref. 18)

Alloy 15-5PH
Form Tubular Centrifugal Castings
Condition H 925
Fy;. min (ksi) 180
Fy» min (ksi) 150
¢ (40}, min (percent) 6
RA, min (percent) 15
Hardness, range (Rg) 40-45
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Table 3.1.10 Producer's specified acceptable tensile properties and hardness for Condition A (Refs. 1, 27)
Alloy 15-5PH
Form Rounds, Hexagons, and Squares Flats Sheet and Strip
Condition A
Size <1/8inch > 1/8 inch to 1/2 inch >1/2inch > 1/2inch all
Foy (ksi) 175 max — — — 185 max
Foy (ksi) - — — — 160 max
@ (2-in.), (percent) — —_ — — 3 min
Hardness — R 38 max BHN 363 max BHN 383 miax R 38 max

fote: See Section 1.9.4.

Table 3.1.11 Producer’s specified acceptable tensile properties and hardness for sheet and strip in H Conditions

(Ref. 27)
Alloy 15-5PH
Form Sheet and Strip
Condition H 900 H 925 H 1025 H 1075 H 1100 H1150
Fyy» N (ksi) 190 170 155 145 140 135
Fyy. min (ksi) 170 155 145 125 115 105
e (2-in.}, min
{percent) 5 5 5 5 5 8
Ha’““f;:i range 40-48 38 - 46 35-43 31-40 3 - 40 28 - 38
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Table 3.2.1.1 Typical mechanical properties for bar {(Refs. 1, 7)
Alloy 15-5PH
Form Up to 12-inch Sections
Condition H 900 H 925 H 1025 H 1075 H 1100 H 1150 H 1150-M
Longitudinal Direction - Intermediate Location
Air Melted or Consumable Electrode Vacuum Arc Remelted
Ftu {ksi) 200 190 170 165 150 145 125
Fyy (ksi) 1852 175 165 150 135 125 85
e (f‘;':r'cg;g D). 14 14 15 16 17 19 22
RA (percent) 50 54 56 58 58 60 68
Hardness {BHN) 420 409 352 n 332 3N 277
{Rp) 44 42 38 36 34 33 27
Charpy-V Impact Energy
{ft-os} 15 25 35 40 45 50 100
RW or RT Direction
Transverse Direction - Intermediate or Center Location
Consumable Electrode Vacuum Arc Remelted
Fy, (ksi) 200 190 170 165 150 145 125
Fty (ksi) 185 175 165 150 135 125 85
e (2-in. or 4D),
(percent) 10 1 12 13 14 15 18
RA (percent) 30 35 42 43 44 45 50
Hardness (BHN) 420 409 352 3 332 311 277
(Rp) 44 42 38 36 34 33 27
Charpy-V Impact Energy?
(ft-bs)
TW or WT Direction 7 17 27 30 30 50 100
TR or WR Direction 8 12 25 25 2 45 70

2 For condition H $00, Fey = 178 ksi.

b For intermediate location anly.
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Table 3.2.1.2 Typical mechanical properties for sheet and strip (Ref. 27)
Allgy 15-5PH
Form Sheet and Strip - Cold Ftattened
Condition A H 800 H 925 H1025 H 1075 H 1150 H 1150-M
Longitudinal
Fyy (ksi) 161 209 18 174 162 150 136
Fty {ksi) 140 201 175 171 160 140 m
e (2-in.), {percent) 8.4 10.1 12.2 12.2 12.8 14.6 18.8
Hardness (R ) 35 46 4 40 38 36 3
Transverse
Fyy (ksi) 162 213 184 175 162 152 137
Fiy (ksi) 143 202 177 171 161 146 111
e (2-in.}, (percent) 7.6 84 9.8 93 11.4 131 17.8
Hardness (R¢) 35 4B 42 39 38 36 0.
Average of two heats.
0.080-inch gage.
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Table 3.2.1.3 Effects of section size, specimen location and specimen direction on tensile properties of arc melted and
vacuum remelted stock in H 900 Condition (Ref. 3)

Alloy 15-5PH
Form Large Rectangular Forged Sections
Condition H 900
Melting Method Sectin, Size Direction |  Location? F,, (ksi) Fyy (ks (:e(ée”r"b RA (percent)

E 188 172 11 36

Arc Air 12x 14 §T | 32

c 186 176 4 9

E 172 34

12x14 ST | 186 174 11 35

¢ 170 )

3512 L | 188 187 15 54

sT C 189 - 14 46

Vacuum Remelted 312x12 L ! 187 185 15 50

§T c 190 — 14 48

312 x15172 L ! 183 130 1 40

st ¢ 192 8 28

ax24 L ’ 18 | 189 12 40

ST ¢ 36

3 E = edge; | = intermediate; G = center,
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Table 3.2.1.4 Room temperature tension, compression, Table 3.2.5.1 Shear strength in torsion (Refs. 1, 7)
shear, and bearing properties of plate in H 1025
condition, for which fatigue properties appear in Figures Alloy 15-5PHd
3.5.1.6 and 3.5.1.7 (Ref. 32)
Condition H 900 H1025 H 1075 H 1150
Alloy 15-5PH
Torsional Shear
Form 0.215 - 2.579-in. Plate Strength at Elastic 98.0 86.2 675 42.5
Limit (ksi)
Condition H 10252
Ultimate Torsional
Direction L T ST Shear Strength | 47909 | 410 | 1350 | 1240
{Modulus ot
] Rupture) (ksi
Fy (ksi) 171.0 1714 — plure) tks)
] 2 §7-4PH data, not expected to be different for 15-5PH.
Fyy (ksi) 165.6 166.0 -
RA (percent) 58.5 576 —
e (2-in.) {percent} 15.0 148 —
E, (1000 ksi) 28.66 28.72 -
Fyy (ki) 175.6 175.3 17480
E,. (1000 ksi} 2985 29.84 30.03°
Fey© tksi) 143 1132 —
F,° (ksi) 108.1 109.0 -
e/D=15
Table 3.2.5.2 Shear strength in double shear for H 900
Figry (ksl) 287.3 287.2 - condition (Ref. 1)
Fory (ksi) 246.1 246.3 - Alloy 15-5PH
e/D=20 Condition H 900
Figry (ksi) 368.4 367.8 —_ Specimen Size Fgy (ksi) Fi, (ksi)
Fory (ksi) 286.7 289.1 — 9/8-inch round 133.0
2 values average of triplicate tests. V/2-Inch round 130.0 1920
B Results from two heats, plate thickness > 1.5 inch. 1/4-inch round 133.5
€ Full thickness tests from three heats (plates), for which plate 17-4PH data, not expected to be dilferent for 15-5PH.

thickness < 3.0 inch.
Tests conducted in accordance with the National Aircraft Standard No. 498,

4 0.25-inch diameter double pin shear tests from seven heats (plates),
for which plate thickness > 3.0 inch.
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15-5PH T
| 1/4-in. diameter Wire
0 H Gondition
Q & Aged hr, AC (except 900F, 4 hr, AC)
= & & Double aged: 1400F 2 hr, AC + 1150F 4 hr, AC
-
K |
w200
£ Fiu
=
<4
»
8 150
=
7]
)
= X
- Fou
3 e _
S 100 - —
s +
@
2
-
= 50
0
800 900 1000 1100 1200

Aging Temparaturé (R

Figure 3.2.5.3 Effect of aging temperature (H condition)
on shear strength in double shear (Ref. 49)

Table 3.2.6.1 Bearing strength of plate in H 1025 condition {Refs. 32, 65)

Alloy 15-5PH
Condition H 1025
Ratio of Edge Distance to
Hole Diameter gD=15 e/ =20
Source Heat/Form Test Direction Fory {ksi) Fbw (ksi) Fory (ksi) Fbry (ksi)
Aef. 32 0.215 - 2.578-in. L 287.3 246.1 368.4 286.7
Plate T 287.2 246.3 367.8 289.1
A
11/2 x 5-in L 2805 234.1 364.7 2817
Flat Bar
B/
Ref. 65 578 x 2-In. L 2741 229.0 3554 275.8
Flat Bar
c/
5/8 x 2-in. L 2811 238.3 363.1 2769
Flat Bar

Code 1513

Page 38




Revised: March 1997 Aerospace Structural Metals Handbook Ferrous Alloys * FeAH
15-5PH

Table 3.2.6.2 Bearing strength of bar in H 1150 condition 150 Mo spH ‘ '
(Ref. 65) 0.866-in. diameter Bar
’ 1904F 1/2 hr, WQ + age 2 hr, AC
Allo 15-5PH L
y 125 [ oo
Condition H 1025 - O’E\ 7
o
Ratio of Edge Distance _ E 100
to Hole Diameter e/0 =15 e/D =20 z
Test F F F F ﬁ"
€5
H e bru bry bru bry o
eaform | pirection | gy | (ks | (s} | (ksi) z " fi
N L 2089 | 1796 | 2048 | 2211 5 \‘
5 1/2-in. Dia = 50 v
findrical £
Cylindrical Bar | 2271 | 1787 | 2923 | 2152 =
B/ L 233.9 | 1884 | 2976 | 2246 25
1142 x 54in
Flat B
al bar T 2313 | 1808 | 2909 | 2208
0
1 C/7 . L 2356 1600 3015 294 0 600 700 800 00 1000 1100 1200
x 7.7-in. . ]
flat Bar Aging Temperature (F)

T 237.9 185.8 3016 226.6

Figure 3.2.7.1.3 Effect of aging temperature on notch

o/ tensile strength of bar {Ref. 53
1172 x 3in. L 2316 | 1826 | 2958 | 2223 nsile strength of bar (Ref. 53)
fFlat Bar
B
5/8 X 2-in. L 2309 | 1770 | 2964 | 2138
Flat Bar
F 250
5/8 x 2-in. L 238.1 | 1882 | 2984 | 2248 ‘g'?'"”.
Flat Bar -in, diameter Bar
- H 900 through H 1075
_ﬂ RT
uf“-. g 200 J‘
g3k o
Ex&
SE3 Fy \S‘Q
= r
g 150 3

100 /{Km (LR Orientation)
LY

AA
50 et

Fracturs
Toughness,
Kpc (ksl ¥In.)

(4D}

RA (Percent)

I
0
800 900 1000 1100 1200

Elongation, e and
Reduction in Area,

Age (H Condition) Temperature (F)

Figure 3.2.7.2.1 Effect of age (H condition) temperature
on tensile properties and plane strain fracture toughness
{Ref. 40)
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Tabie 3.2.7.2.4 J-integral fracture toughness of plate and
weldment (Ref. 48)

Revised: March 1997

Allay 15-5PH
- Crack Plane Eﬁecﬁvea
Form Condition Orientation | Jte (KN/m) Fy (MP2)
Plate 5T + Age TL 192 - 238 1100
As-welded a— 107 - 124 1050
Wetd P Weld + Age — 76 - 156 1220
Weld + ST + Age _ 157 - 157 1200
? {Fy + Fy )2
b AMS 5826.
15-5PH ' 15-5PH
Bar Bar
300 |- Haps 3o0 |- H 1025
© O 1-inch diamster bar O D 1-inch diameter bar
5> 250 |- @ @ 11/4-inch diameter bar a @ ® 11/4-inch diameter bar
- | w250
28 200 |— g2 N\
> = > £ 200
TP TE TR
© @ (8] &
. - 5 F
“._=_§ 150 S8 150 lu 5
d® g =
-— -— g F,
E /2 100 EZ 100 y
5 5
50 50 —
= ] = o |
S 100 S 1w
= ' T - T ]
Sz ® " ' 2 0 — RA T
28 8 =8 88 60 [ — 84—
S5 £5 ¥ |
E = 20 J | & ‘::; 20 |
c& g T el l
Sg % 1 S5g % !
E < 40 g (2-in} < 4 8 (2-in)
o = o=
g % = g- = T'ﬁ‘"l!——ﬂl':cn—:-—":"'%
— [ i i i —-_— 0 | i 3
w 400 -200 0 200 400 60D 8OO 100G 1200 1400 m 400 -200 0 200 400 600 800 1000 1200 1400
Test Toemperature (F} Tast Temperature (F)

Figure 3.3.1.1 Effect of test temperature on tensile
properties of bar in H 925 condition (Ref. 29)

Code 1513

Page 40

Figure 3.3.1.2 Effect of test temperature on tensile
properties of bar in H 1025 condition (Ref. 29)
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300 |-15-5PH
Bar
H 1100

5 280 |— O O 1-inch diameter bar
s @ m 1 1/4-inch diameter bar
28
[« =1
= £ 200 <
= &
5B % F
2& 150 8 MR
- o
g2 fr
£ 100
E

50 |
s 100 :
Sg 80 RA ! | e
TS B0 |cw=r @
=8 4 !
=a |
E;’ 20
o & 80 |
EE & |
£« & (2-in)
gE 2 =!—+'ﬂ-——-tp=cli——-[p—“|3A
. — 0 ]
w -400 -200 0 200 400 600 800 1000 1200 1400

Test Temparature (F)

Figure 3.3.1.3 Effect of test temperature on tensile
properties of bar in H 1100 condition {Ref. 29)

15-5PH
Bar
H 1025
w0 | L
RT o
160 e
400F 1 a0
7008~ __| |
= ~ 00F TN
£ 120 |a00r J'CQOOF \
5 8 i \““-"\ )
40
o | { | I | |
0 2 4 6 8 10 12
Straln (0.001 infin)
| ) i | | | |
0 5 10 15 20 25 30

Compressive Tangent Madulus (103 ksl)

Figure 3.3.2.1 Typical compressive stress-strain and
tangent-modulus curves at selected temperatures
for bar in H 1025 condition (Ref. 65}
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300 15-5|I"H l l
Bar
H1150-M

> 250 | © O 1-inch diameter bar
- ® ® 1 VY4-inch diameter bar
55 e
2 = 200
> = N
TE
<2 5 |t \\\ Fuu
e N o
E ] 100 F]-y
S

50

X

0
H 100 7 ] T
£ | Ra e il
8¢ 80 @..-o——c!:_ g, —
'g e 60
g 4
ag
s 80 |
i G0 1
S8 40 e (2-in)
"= e )
g 2 | i i |
=] 0
w -400 -200 0 200 400 600 800 1000 1200 1400

Test Temperature (F)

Figure 3.3.14 Effect of test temperature on tensile
properties of bar in H 1150-M condition (Ref. 29)

15-5PH
200 |- gy
H 1150
L
160
AT
= 400F ™ RT
R e = 400F
===
[
[--]
E 900F
@ g m? -._______""—-:Q‘Q.x
a0 g
0 | | | | } 1
0 2 4 6 8 0 12
Strain (0.001 in/in)
| | | { | | |
0 5 10 15 20 25 30

Compressive Tangant Modulus (103 ksi)

Figure 3.3.2.2 Typical compressive stress-strain and
tangent-modulus curves at selected temperatures
for bar in H 1150 condition (Ref. 65)
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Flat Bar
H 1025
O HeatA, 1.5inx 5.0 in Bar

180 |+ O HeatB,15inx7.7 inBar
= < HeatC, 1.5in x 3.0 in Bar
£
L \2)
= 160 AN
i)
&=
140 A
> L \
-3
=
2 \&
=] 120
E
Q
[ L]

100

0 200 400 600 800
Test Temperature (F)

Figure 3.3.2.3 Effect of test temperature on compressive

1000

yield strength of bar in H 1025 condition (Ref. 65)

Table 3.3.3.1 Charpy-V impact energy for sheet at room

temperature and -65F (Ref. 27}

7

Alloy 15-6PH
Form 0.093-inch thick
Charpy-V impact Energy®P (in-Ibs)

Condition RT -65F
A 3265 2669
H 900 2857 2361
H 1029 3974 3378
H 1150 4626 4243
H 1150-M 5616 5049

3 Each value average triplicate tests for two heats.
B Charpy-V specimens: B = 0.093 inch, {W-a) = 0.314 Inch.
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15-5PH
Fat Bar

50

Heat A, 1.5in x 5.0 in Bar
Heat B, 1.5in x 3.00in Bar
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Compressive Yield Strength, Fyy (ksl)
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200 400
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1000

Figure 3.3.2.4 Effect of test temperature on compressive
yield strength of bar in H 1150 condition (Ref. 65)
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Figure 3.3.3.2 Effect of temperature on Charpy-V
impact energy for Condition H 1150-M (Refs. 1, 2)
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Ultimate, Fy,, and
Yiatd, Fyy, Tenslle
Strength {ksi)

Fracture
Toughnass,

Ki (ksi ¥in.)

Elongation,
g (Percent)
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200
15-5PH
Forging
H 1080
~ , Fiy
150 Pl [l F_| 1
ty
K, -
100 p— R
e
50
[
- o
0
-20 0 20 40 60 80
Test Temperature {F)

Figure 3.3.7.2.1 Effect of test temperature in the range
~4 to 72F on the tensile properties and plane strain

fracture toughness (Ref. 44)

Ferrous Alloys » FeAH

15-5PH

Table 3.3.7.2.2 Effect of aged condition, test temperature, and specimen orientation on strength and plane strain
fracture toughness (Ref. 51)

Atloy 15-5PH
Condition Test Temperature (F) Orientation Fyy (ksl) Fiy (ksi) Kig (ksi ¥in.)
LT 200 185 87
H 900 RT — 192 175 74
L 193 171 7
72 151 149 104 - 111
H 1080 32 Random 152 151 87 - 104
4 153 151 81-92
Code 1513
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400 T T T TEaan. T
15-5PH 15-5PH
Forging Billet
ogp |- H 1080 Transverse specimens from intermediate {ocation of
700F 6-inch square x 32-inch billet hot rolled trom CYM ingot.
Solution treated as blanks, precipitztion hardened as
160 [ spacimens.
80 S00F Unaxial loading, RT
R=01,f=20cps
& Congition
a0 [ 180 |- O H®5
! _— @ H1075
Creep Rupture [ 1100F B
p p \"‘-- = 180 n! |
20 = [ ]
- i
s I
; 140 \ O 8
= © ®
£ 8 \1 e O
w1 =
2 | % 129 \
£ g e
@a ®
100 _'!'@f_______ % 100 —t _
B0 | o
— | =
60 m—— 900 80
“ I 104 105 108 107 108
Cycles to Failure, N
20 [
\-.._____‘ Figure 3.5.1.1 Room temperature axial-load fatigue
" 0.2% Creep Detormation ™ 1100F strength of CVM billet in H 925 and H 1075 (Ref. 1)
e i
6

10 20 40 60 100 200 400 600 1000
80 800
Time {hr)

Figure 3.4.1 Creep deformation and rupture curves
at selected temperatures for forged bar in the H 1025
condition (Ref. 66)
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A= 40 233 15 1 0.67 0.43 0.25 0.11 0
R= -0 -0.4 -0.2 0 0.2 0.4 0.6 0.8 i0
FIEN 1 3 1 ) 1 g [ T T T
15-5PH \ / / / \ / \
180 | 2-in. x 6-in. Bar
X H1025 [ /\ 150—1
Ao 160 |- Qf’/ — -
R=-1.0 7
10° \/
1$—/ \ A \ > / 140 B
AN >
120 [— s -]
- 120 A 120
£ jo0 | \< < ¥ _
g 100 36“
a0 % &
g T % B & \ 7
] 0’6 ®%‘5 Fiy = 164 ksi
“E=' 60 |- Fatigue Strength (ksi) at —
g R 105 w6 107
= 40 05 166 159 158 —
= o 401 161 152 150
a0 |- Longitudinal 40 110 90 8 _|
1800 cpm (758) (621} (607)
| | 1 1] [l 1 1 1 1 1 1
120 300 80 60 40 .20 0 20 40 60 80 100 120 140 160 180 200

Minimum Stress, F;, (ksi)

Figure 3.5.1.2 Room temperature longitudinal unnotched axial-load constant-life fatigue diagram

for bar (Ref. 56)

A= 40 0.43 0.25 0.1 0
R= -0.6 0.4 06 08 10
Ty 1 1
15-5PH \
180 <_ 2-in. x 6-in. Bar
~ H1025 180
AN / N y
Ao 160 = -
R=-10 160
140 —
120 |— J
2
= 100 -
-]
g
'S
ﬁh 80 -
£
) _
E Fatigue Strength (ksi) at
£ ol R__105 106 107 ]
g +05 164 156 155
20 I Transverse 401 142 131 128 |
1800 cpm 1.0 M3 96 90
[l } ) i ] 1 1 ] 1 1 1 3 3 1
-120 100 -80 60 -40 .20 0 20 40 60 B0 100 120 14D 160 180 200
Minimum Stress, F, (ksi)

Figure 3.5.1.3 Room temperature transverse unnotched axial-load constant-life fatigue diagram

for bar {Ref. 56)
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A= 40 233 15 1 0.67 .43 0.25 0.11 0
R= -0.6 -0.4 0.2 0 0.2 04 0.6 08 10
AN 1 t T A i i T
15-5PH
180 |~ 2-in.x 6-in. Bar ( / _
H 1025 ) 180
R=-1.0 ‘ ‘ .‘ 160
140 P K -
XS 225 _ 140
N ' o
120 = W‘/ / 120 N
i “"“ &
= | > ]
2 100 S 00 &
Wt < / o
- 80 |— T #Q ]
8 ”’a,, 80 _ LN
5 60| %5 N '( < Fru = 164 ks -
E %, 60 60 Fatigue Strength (ksi) at
£ w|l I 4 A 105 10 107
3 ? t4, 40 J05 164 156 155
ap | Transverse /4 +01 142 131 128 |
1800 cpm 20 \ / 20 -0 113 9% 90
0 | | 1 I 1 | ; ; 1 1
120 -100 80 60 40 -20 0 20 40 60 B0 100 120 140 160 180 200

Minimum Stress, F,,;, (ksi)

Figure 3.5.1.3 Room temperature transverse unnotched axial-load constant-life fatigue diagram

for ba

A=

180

A= 160
R=1.0 .
140>

- Y
£ [=2] =1 [=] [a*3
[ =] (=] aQ Q (=]

Maximum Stress, Fp,, (ksi)

™
Q

r (Ref. 56)

40

R= -06

EEN ]
15-5PH
2-in. x 6-in. Bar

|~
3 H1025

1800 cpm
1 1

-~ Longitudinal and Transverse

l 1 ¥ 1) ] [}

Fy, = 164 ksi
Fatigue Strength (ksi) at
R 105 106 107

+0.5 89/83 7575 7373

+0.1 62/61 54/54 52/52

-1.0 39738 31/31 29/29
Longitudinal/Transverse

1 i [l

-120 -100

-80

€0 -40 .20 0 20 40 &0 80 100

Minimum Stress, Fy, (ksi)

120 140 160 180 200

Figure 3.5.1.4 Room temperature longitudinal and transverse notched (K = 3.0) axial-load
constant-life fatigue diagram for bar (Ref. 56)
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Maximum Aiternating Net Section Stress (ksi)
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Figure 3.5.1.5 Mild-notch axial-load fatigue strength
of bar in H 1025 condition at stress ratios, R = 0.5, 0.1,

Cycles to Failure, N¢

and -1.0 (Ref. 55)
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Figure 3.5.1.7 Room temperature axial-load notched
(K; = 3.0) fatigue strength of plate in H 1025 condition

(Ref. 32)
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Figure 3.5.1.6 Room temperature axial-load fatigue
strength of plate in H 1025 condition (Ref. 32)
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Figure 3.5.1.8 Room temperature axial-load high-cycle
fatigue strength of machined and as-cast specimens
from welded and unwelded vacuum castings (Ref, 26}
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Figure 3.5.1.9 Room temperature tension-compression
high-cycle fatigue strength of specimens machined
from cast cylinders and from a lag damper casting
{Ref. 26)
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Figure 3.5.1.11 Room temperature axial-load
high-cycle fatigue strength of HIP'd and not HIP'd
notched (K; = 3.0) specimens machined from shell
mold castings and notched (K; = 3.0) specimens
machined from HIP'd lag damper casting (Ref. 26)
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Figure 3.5.1.10 Room temperature axial-load
high-cycle fatigue strength of specimens machined
from bars vacuum cast into either production or high
thermal conductivity shell molds, and subsequently
HIP'd or not HIP'd (Ref. 26}
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Figure 3.5.1.12 Elevated temperature transverse
unnotched axial-load fatigue strength of forged bar
{Ref. 56)
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Figure 3.5.1.13 Elevated temperature transverse

notched (K; = 3.0) axial-load fatigue strength of
forged bar (Ref. 56)
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Figure 3.5.3.2 Room temperature fatigue crack growth
rate at R = 0.67, trapezoidal load wave form (1-minute

hold time), for plate in H 1050 condition (Ref. 28)
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Figure 3.5.3.1 Room temperature fatigue crack
growth rate at 10 Hz, R = 0.05 for plate in H 1050
condition (Ref. 28)

03
15-5PH
1-inch Plate
H 1100 condition
RT, 10 Hz, R=0.05
Sinusoidal Load Wave Form o
104 /
C
1058
©,
&
106
107
1 10 160 1000

Stress Intensity Factor Range, AK (ksi +in.)

Figure 3.5.3.3 Room temperature fatigue crack
growth rate at 10 Hz, R = 0.05, for plate in H 1100
condition (Ref. 28)
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Figure 3.5.3.4 Room temperature fatigue crack growth
rate at R = 0.05, trapezoidal load wave form (1-minute
hold time), for plate in H 1100 condition (Ref. 28)
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Figure 3.5.3.6 Room temperature fatigue crack growth
rate at R = 0.67, trapezoidal load wave form (1-minute
hold time), for plate in H 1100 condition (Ref. 28)
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Figure 3.5.3.5 Room temperature fatigue crack growth rate
in 3.5 percent NaCl solution at R = 0.05, trapezoidal load wave
form {1-minute hold time}), for plate in H 1100 condition (Ref. 28)
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Figure 3.5.3.7 Room temperature fatigue crack growth rate
in 3.5 percent NaCl solution at R = 0.67, trapezoidal load wave
form (1-minute hold time), for plate in H 1100 condition (Ref. 28}
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Figure 3.5.3.8 Effects of load ratio (R) and environment
{air versus salt water) on room temperature fatigue

crack growth rate for plate in H 1100 condition (Ref. 28)

Figure 3.5.3.9 Effects of load wave form (sinusoidal
versus trapezoidal), load ratio (R), and heat treated
condition (H) on room temperature fatigue crack
growth rate for plate (Ref. 28)
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Figure 3.5.3.10 Fatigue crack growth rate in air and

3.5 percent aqueous NaCl solution for the H 1050
and H 1100 conditions (Ref. 51)
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Figure 3.6.2.2 Effect of temperature on modulus of

elasticity (Ref. 1)
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Table 3.6.2.1 Elastic moduli in tension and in torsion

(Refs. 1, 7, 27)

Alloy 15-5PH
Condition H900 | H1025 | H1075 | H1150
E (106 psi) 285 - - —

62 (108 psi) 11.2 1.0 10.0 100

3 47-4PH data, not expected to be different for 15-5PH.
Each value average duplicate tests from single heat,

15-5PH
- Flat Bar

§ H 1025 Candition
= %I O HeatA, 1.5Inx 5.0 in Bar
w [ D HeatB, 1.5Inx 7.7 in Bar i
S~ _ < HeatC, 1.5inx 3.0in Bar .
g2 - ) o .
as ¥ 1%
o™ - -1
-t - & [ -8\ -
o N \ ]
|43
@ 25
= = |
E = \? ]
o - -
(X ] B [#] ]

20

0 200 400 600 800

Temperatura (F)

1000

Figure 3.6.2.3 Effect of temperature on modulus of
elasticity in compression of bar in H 1025 condition
(Ref. 65)
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Figure 3.6.2.4 Effect of temperature on modulus of
elasticity in compression of bar in H 1150 condition
(Ref. 65)

Table 4.1.4 Minimum room temperature bend radii
(Ref. 27)

Altoy 15-5PH
Form 0.090-inch Sheet
Gondition Direction Mirimum Bend Radil

A L 2t

T 4t

H 900 L a

T 5t

H 925 L 3

T —

H 1025 L 3t
T

H 1150 L 2t
T

H 1150-M L 2t
T

Average two heats.

Fraclure

g and
Reduction Toughness,

Elongation,

Ultimate, Fy,
and Yleld, Fy,,
Tenslle Strength (ksi}

Kic
(ksi V)

in Area, RA
(Percent)

“White" Layer Thickness {u-in)
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Figure 4.1.1.1 Influence of final forge temperature
on tensile properties and plane strain fracture
toughness (Ref. 39)
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Figure 4.4.4.1 Effect of nitriding treatment time on
“white” layer thickness {Ref. 47)
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Figure 4.4.4.2 Effect of nitriding treatment time and

temperature on “diffusion” layer thickness (Ref. 47)
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Figure 4.4.4.3 Effect of nitriding reactor pressure on
“white” and “diffusion” layer thicknesses (Ref. 47}
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Figure 4.4.4.4 Effect of nitriding treatment temperature
on thicknesses of “white” and “diffusion” layers (Ref. 47)
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Figure 4.4.4.5 Effect of nitriding gas flow rate on
“white” and “diffusion” layer thicknesses (Ref. 47)
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Figure 4.4.4.8 Smooth and mild-notch rotating beam fatigue strength of (proprietary Malcomizing)
nitrided bar in H 1100 condition, with reference to smooth fatigue strength of bar not nitrided (Ref. 45)
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15-5PH ' ! |
Plate
H 1025 condition
Specimens: 0.75-in. dia, 0.050-in, thick
Pins: 0.326-in. lorg, 0.032-in. radius
Specimens & pin initial roughness less than 2,0 microinch
peak-to-peak
Each test; 1000 revolutiens at 54 rpm in air at 70F, 35% RH,
unlubsicated
Wear track; 0.15 - 0.20-in. dia, 0.004-in. width
1.2 | © 304 Pin, As-received, 180 KHN |
® 440G Pin, HT to max hardness, 789 KHN
T Maximum variation for one revolution
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E s
=
=
o T
3
= 086
2
B N & Cion implanted l-
frs
0.4
é> 7/1’1 \T\l
0.2 =
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Figure 4.4.5.1 Influence of titanium and carbon ion
implantation on unlubricated friction after 1000
pin-on-disc revolutions (Ref. 36)
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Plate
H 1025 condition

Specimens: 0.75-in. dia, 0.050-in. thick
Pins: 0.328-in. leng, 0.032-in, radius .
Specimens & pin initial roughness less than 2.0 microinch

peak-to-peak
Each test: 1000 revolutions at 54 rpm in air at 70F, 35% RH,

unlubricated
100 £ Wear track: 015 - 0.20-in. dia, 0.004-in. width 3
- ® 304 Pin, As-received, 180 KHN N
[ O 440C Pin, HT to max hardness, 789 KHN n
| T Maximum variation for one revolution .
f i

Unimplanted |
B g ; ' I
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1.0

7

Ti & G ipn implanted

NEREL

Loy
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[ T
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0.01 :
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Figure 4.4.5.2 Influence of titanium and carbon ion
implantation on unlubricated wear depth after 1000
pin-on-disc revolutions (Ref. 36)

[See ASTM Test Standard G 99-90 for Pin-on-Disk
Wear Test Procedure]
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Table 4.4.5.3 304 stainless steel pin wear in pin-on-disc

tests of Ti and C ion implanted plates and of

urumplanted plates (Ref. 36)

Altoy 15-5PH
Form Plate
Condition H 1025 + Ti & C lon Implanied

Pin Wear Scar Diameter (in)

Normal Load (g) | Hertzian Stress (ksi) | Unimplanted | lon Implanted
12.3 108 0.0086 <0.0008
255 134 0.0115 <0.0008
375 152 0.0123 0.0049
50.4 169 0.0094 0.0059

Specimens: 0.75-inch diameter, 0.050-inch thick.

Pins: 0.326-inch Jong, 0.032-inch radius.

SEecimen and pin initial roughness < 2.0 p-inch peak-to-peak.
Each test: 1000 revolutions @ 54 rpm in air at 70F, 33% RH,

uniubricated.

Wear track: 0.15 - 0.20-inch diameter, 0.004-inch width.

Mean Maximum Wear Depth (p-in)

4.0

04

0.04

0.004

Ferrous Alfoys * FeAH

15-5PH

15-5PH
Plate
H 1025 condition

Specimens: 0.75-ir. dia, 0.050-in. thick
Ping: 0.326-in. lgng, 0.032-in. radius
Specimens & pins initial roughness - less than 2.0
micrainch peak-to-peak
Each test: 1000 revolutions at 54 rpm in air &t 75F,
35% RH, unlubricated
Wear track: 0.15 - 0.20-in. dia, 0.004-in. width
[ O @ 304 Pin, As-received, 180 KHN
O m 440G Pin, HT to max hardness, 789 KHN

é—'—*

‘ |
Unimplanted

o] i

. / N* implanted —

-

Gorresponding Herzian Stress

112 ksi 236 ksi | | 330 ksi

| —_ ! ! ! |

0 20 40 60 80 100

Normal Load (g)

Figure 4.4.5.4 Influence of N+ implantation on
unlubricated wear depth after 1000 pin-on-disc
revolutions (Ref. 38)
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15-5PH

O l 1 i
15-5PH L
Plate
H 1025 condition
Specimens: 0.75-in. dia, 0.050-in. thick
Pins: 0.326-in. leng, 0.032-in. radius
Specimens & pins initial roughress less than 2.0
microinch peak-to-peak
Each test 1000 revalutions at 54 rpm in air at 75F,
35% RH, unlubricated
Wear track 0.15 - 0.20-in. dia, 0.004-in. width
O @ 304 Pin, As-received, 180 KHN
10 | O w 440C Pin, HT to max hardness, 789 KHN 1
I
[~ N* implanted i
0.8 ——— —~—|
_ 3 %%§ ]
=
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T 04
=
0.2
Corresponding Hertzian Stress
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0.0 ' ' ‘ L ' '
1] 20 40 60 80 100
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Figure 4.4.5.5 Influence of N+ implantation on
uniubricated friction after 1000 pin-on-disc
revolutions (Ref. 38)
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Mean Maximum Wear Depth {Unimplanted)
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See Figures 4.4.5.1 through 4.4.5.5 for experimental details.
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0.0 [ S
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Figure 4.4.5.6 Influence on icn implantation (Ti and

C or N+) on unlubricated friction coefficient and mean
maximum wear depth at 173 ksi Hertzian stress, expressed
as ratios of unimplanted to implanted values (Ref. 38)
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Figure 4.4.6.1 Effect of strength on ductility loss
for typical PH steel specimens hydrogen charged
at 90A/m? and tensile tested at room temperature

(Ref. 33)
15-5PH | ' ’ ’
H 1025 conditton
Specimen 1/4-in dia x 1-in g.l. reactively sputter coated
80 |- with Ti0, and cathodically charged at RT by immersion —
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Figure 4.4.6.3 Effect of TiO; film thickness on ductility
of specimens hydrogen charged for four hours at
90A /m?2 and tensile tested at room temperature (Ref. 52)
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Figure 4.4.6.2 Effect of hydrogen charging on ductility
of rod in H 1025 and H 1050 conditions (Ref. 57)

15-5PH
H 1025 condition
Specimen 1/4-in dia x 1-in g.1. reactively sputter coated
80 |°  with Ti0y, 20 p-in thick, cathodically charged at BT by — |
immersion in 3.5% NaCl solution (pH 6.5) containing
70 | 10mpA As;0; poison, at 80A/mZ for 4 and 40 hours  __|
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Figure 4.4.6.4 Effect of hydrogen charging time on
ductility of TiO; coated (20 p-in thick) specimens
(H 1025 condition} tensile tested at room
temperature after charging. (Ref. 52)
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