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GENERAL

Haynes Alloy No. 188 is one of the most widely
used cobalt-base sheet alloy in the aircraft engine
field. It was first introduced in 1966. The strength of
Haynes Alloy Ne. 188 is similar to that of its
predecessor, L-605. However, the oxidation
resistance and resistance to aging embritiement of
Haynes Alloy No. 188 are superior. Tensile
elongation exceeds 10 percent after aging for up to
1000 hours at 1400 to 1600 F. It has a 100 F creep-
rupture strength advantage over Hastelloy X.
Cryogenic temperatures do not affect significantly the
ductility of the alloy, but strength levels are
increased markedly.

The excellent oxidation resistance results from a high
chromium level and small additons of lanthanum,
which apparently modifies the oxide scale in such a
manner that the oxide becomes extremely tenacious
and protective when exposed to temperatures through
2000 F.

Haynes Alloy No. 88 has a stabilized face-centered
cubic structure which is sotid solution strengthened
by the addition of 14 percent W. Strengthening is
further enhanced by the precipitation of M,C and
M;,C¢ catbides. Intermediate temperawre ductility is
achieved by deterring the formation of the
embrinling CO,W Laves type phase through properly
balanced composition.

Because of its excellent mechanical properties,
oxidation resistance, and weldability, Haynes Alloy
No. 188 meets the high temperawre material
requirements for gas turbine applications as well as
many of those in the airframe, nuclear, and chermcal
fields. Typical uses are as transition ducts,
combustor ¢ans, spray bars, flame-holders, and liners
in jet engines. The alloy is used also in the space
shutite main engine and is attractive for re-entry heat
shield applicaticns (1,30,31,61).

Haynes Alloy No. 188 is covered by U.S. Patent
No. 3,418,111 (2).

Commercial Designation
Haynes Alloy No. 188.

Alternate Designations
HS-188, HA-188, and UNS R30188.

Specifications

AMS 5608 (sheet, strip, and plate).
AMS 5772 (bars, forgings, and rings).
AMS 5801 (alloy wire, welding).

Composition
Composition, Table 1.04.

Heat Treatment

The standard heat treatment is a simple solution
treatment consisting of heating to 2125 10 2175 F,
holding at heat for a dme commensurate with the
thickness (but not more than 30 min for sheet, strip,
and plate}, followed by either water quenching or
rapid cooling in air (1,3,4).
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Any thermal treatment following solution heat C
treatment as given above should not involve use of o
temperatures higher than 2025 to 2075 F (3). Ltow C
For certain applicatons, the tensile sirength of sheet | 22 Cr
at toom and elevated temperatures can be increased 22 i
by cold rolling followed by aging near 1000 F, 4 to
16 hr. Cold waorking prior to aging significantly 14 w
increases the rate of the aging reaction (1). 0B La
Effect of solution treatment and aging on
microstructure and microconstituents, Table 1.054. Haynes
Alloy
No. 188

Hardness

The hardness of sheet in the solution treated
condition is approximately HRC 21 (about 60 10 62
HRA) (1,7).

AMS 5772 specifies that the hardness of bars shall
not exceed BHN 302, and forgings and flash welded
rings BHN 293 in the solution treated condition (4).
Effect of cold rolling on the hardness and yield
strength of sheet, Figure 1,063.

Hardness recovery characteristics for cold rolled
sheet upon annealing, Figure 1.064.

Effect of aging temperature on hardress. Sheet
material solution treated to a hardness of HRA 60
and then exposed for 200 to 500 hr at various
temperatures in the range of 900 to 1850 F showed
only a slight increase in hardness to 61 10 64 HRA
with readings of 61 10 62 HRA occurring in the two
ranges of 900 to 1200 F and 1800 10 1850 F, and 63
to 64 HRA in the 1300 to 1700 F range (1).
Continued ¢xposure thre 6,244 hr results in an
additional increase in hardness, especially in the
1300 to 1300 F range (6).

Effect of elevated temperamre exposure on hardness
of two heats, Figure 1.066.

Forms and Conditions Available

The alloy is available in the full commercial range of
sizes for sheet and strip, plate, bar, wire, forging
billets, forgings, and bare welding rod (7).

All wrought products are furnished in the solution
heat treated (annealed) conditions unless otherwise
specified.

Welding wire is supplied with a cold drawn, bright
finish in a temper which will provide proper feeding
of the wire in machine welding equipment. Wire is
available on spools or in cut lengths for manual
welding.

Melting and Casting Practice
Air melt followed by consumable electrode, vacuum
arc remelting.

Special Considerations

Haynes Alloy No. 188 was developed in part to
alleviate the susceptibility to aging embritlement
exhibited by its predecessor, L-605. Haynes Alloy
No. 188 is successful in this regard in that
embrittlement occurs only after longer aging times
than with L-605 (see Figure 3.0233). Embriclement
of Haynes Alloy No. 188 is primarily the resuit of
precipitation of CO,W Laves phase, although
precipitation of M,C and M,,C, carbide phases may
contribute also. Tensile ductility is decreased at low
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temperatures after aging. However, duclility of aged
marterial at 1400 10 1800 F is high and approximates
that of solution annealed unaged material (see
Figures 3.0315 and 3.0316).

To prevent or retard the formation of the embrittling
CO.W Laves phase in the alloy during long-term,
elevated temperature exposure, the chemical
composition of production heats should be controlled
within appropriate limits which result in an average
electron-vacancy numnber (N,)) of less than abour 2.45
when calculated using the PHACOMP control
method (6.12,13). (See Figure 3.0244.)

Embrittlement which occurs on long-time exposure at
1300 to 1600 F can be restored by re-solution heat
treatment (see Figure 3.0243).

During welding, surface contamination by metallic
copper which can stem from copper welding fixtures
should be avoided. Copper contamination—even of a
minute nature—can catalyze severe heat-affected zone
cracking. This phenomenon (common to other cobalt-
base alloys as well) can be best prevented by
chromium electroplating of all copper jigs and
fixtures (11}.

Cracking is intergranular and is caused by liquid
metal embrinlement by as little as 0.003 mil of
copper on the alloy surface (32,62).

Do not use brazing alloys that contain copper (10).
Remove grease, graphite. and other foreign matter
from all surfaces prior to heat treatment. Carburiza-
tion of the alloy can reduce corrosion resistance and
ductility (10).

Oxy-acetylene welding is not recommended because

" of the suceptibility of carbon pick-up from the

acerylene flame (11),

Avoid heating in sulfurcontaining atmospheres which
can result in sulfur penetration and subsequent detri-
mental effects on mechanical properties and

corrosion resistance (10).

Proper control of the temperature and time cycles
when solution treating or hot-working is important.
Overheating above the recommended solution treating
temperature (2125 w0 2175 F) can cause excessive
grain growth (10). {see Section 3.015.)

The solution heat treatment is normally used for
stress relieving after forming operations. During
forming, avoid introducing a critical amount of strain
which can produce abnormal grain growth upon
subsequent annealing (See Section 4.011).

Exposure to hydrazine (N,H,} decomposition
products at 1800 F causes embrittlement of Haynes
Alloy No. 188, although the alloy may be suitable
for use in this environment at lower temperatures.
Hydrazine is of interest as a storable monopropellant
for auxiliary power units in airborne applicarions and
aboard the space shunle. It decomposes inte
ammonia, hydrogen, and nitrogen (see Section
2.0351).

PHYSICAL PROPERTIES AND
ENVIRONMENTAL EFFECTS

Thermal Properties
Melting Range—2375 to 2475 F (11).
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Phase Changes. The alloy is subject to carbide
precipitation (secondary M,C and M;,C;) upon
elevated temperature exposure (6.11). Laves phase
may also form in some heats (see Section 1.091}
when exposed for long times in the range of about
1300 to 1700 F {see Figurc 2.0121).
Microconstituents eccurring upon elevated
temperature exposure, Figure 2.0121.
Time-temperature-transformation diagrams.
Thermal conductivity, Figure 2.013.

Thermal expansion, Figure 2.014.

Specific heat, Figure 2.015.

Thermal diffusivity, Figure 2.016.

Other Physical Properties

Density, 0.330 Ibfin.?, 9.13 g/cm® (1,7.14).
Electrical properties.

Electrical resistivity, 36.3 microhm-in., 92.2
microhm-cm (1.7}

Magnetic properties.

Magnetic permeability, 1.01 at 200 cersteds (1,14).
Eminance, 0.528 at wavelengths of 0.8 micrometer
at 75 F (33).

Damping capacity.

Chemical Environents

Corrosion.

In aqueous environments over a wide range of
organic and inorganic acids, it is similar to the L-605
alloy in terms of corrosion resistance.

Corrosion rates in severe aqueous environments for
Haynes Alloy No. 188, L-605, and Hastelloy B and
C, Table 2.0312.

Effect of cold work on corrosion in boiling 10
percent suifuric acid, Table 2.0313.

Stress corrosion.

Specimens loaded by bending to produce a maximum
fiber stress equal to 80 percent Fyy did not show any
evidence of cracking after 1000 hours of alternate
immersion testing in a 3.5 percent sodiem chloride
solution at room temperature. The cycle consisted of
immersion in the NaCl solution for 10 minutes
followed by drying above the solution for 50 minutes
(29}

Oxidation.

AMS 5608 (sheet, strip, and plate) and AMS 5772
(bars, forgings, and rings) require that the thickness
of metal converted to oxide plus any continuous
imergranular oxidation not exceed 0.015 in./side
after four 25-hr air exposures at 2000 to 2100 F
(3.4).

Haynes Alloy No. 188 has excellent oxidation
resistance up to 2000 F, attributed to its high
chromium <ontent and to small additions of
lanthanum. The scale which forms during high
temperature ajr exposure consists of Cr,0, and a
mixed spinel, primarily CoCr,O.. Lanthanum is
considered to promote adhesion of the scale. At
2100 F and above, volatile CoWQ, forms and
increases the rate of oxidaton. In terms of total
metal affected, short-term 100-hr data (Figures
2.0334 and 2.03311) indicate that Haynes Alloy No.
188 has an advantage over Hastelloy X and £.-605.
Longer term daia to 10,000 hr, however, show
similar depths of total metal affected for all three
alloys (Table 2.0336). Oxidation weight changes,
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which reflect surfzce scale and spalling, are
substantially more affected by the nature of the
exposure than is the depth of total metal affected.
For example, burner rig exposure results in greater
metal loss through surface scaling than does furnace
exposure in stll air, Figures 2.0337 and 2.0338
(1.11,34-37).

Oxidation of sheet in slowly moving air, Figure
2.0333.

Oxidation resistance in dry air (100-hr test) for

‘Haynes Alloy No. 188 versus Hastelloy X and L-605

alloys showing continucus penetration from original
thickness, Figure 2.0334.

Oxidation weight loss after interminent exposure for
100 hr in dry air (based on descaled weight change)
for Haynes Alloy No. 188 versus Hastelloy X and
L-605 alloys, Table 2.035.

Long-time oxidation behavior in still air at 1830 F,
Table 2.0336.

Oxidation weight changes during cyclic furnace and
bumner rig exposures at 2000 F, Figure 2.0337.
Calculated metal losses after cyclic furnace and
burner rig oxidation exposures for I00 hr at 1900 to
2100 F for Haynes Alloy Ne. 188, L-603, and
Hastelloy X, Figure 2.0338.

Dynamic oxidation of Haynes Alloy No. 188 after
100 hr at 1600 1 2000 F, Figure 2.0339.

Dynamic oxidation weight change behavior of thin
sheet at 2000 F, Figure 2.03310.

Oxidation resistance under dynamic conditions of
Haynes Alioy No. 188 versus other sheet alloys,
Figure 2.03311.

Silicon additions adversely affect the oxidation
behavior of Haynes Alloy No. 188 at 1830 F while
yttrium additions effect a minor improvement, as
shown in Figure 2.03313. The scales formed
remained protective but the parabolic oxidation rate
increased monotonically with increasing silicon
content. An exception was the modified alloy
containing 0.2Y + 7.5 Si, which oxidized more
slowly than that containing 0.2Y + 58i. The outer
layer of oxide scale was very susceptible to spalling
in the modified alloys containing 5 or 7.58i. The
adverse effect of silicon is attributed to an increase
in ionic transport rates through the p-type semicon-
ducting Cr,;O, scale. The high silicon containing
alloys werc also very brittle (38).

Effects of silicon and yttrium on oxidation rate of
Haynes Alloy No. 188 a1 1830 F, Figure 2.03313.
Oxidation resistance under some of the environmental
conditions that might be encountered by a space
shuttle thermal protection systern. Sheet specimens of
0.015-inch thickness which were cyclically, self-
resistance-heated to 2200 F in a still air environment
at a pressure of 0.2 psi (10 torr) for 100 30-min
cycles (50-hr exposure at temperature) showed a
weight Joss of 0.4 mg/cm? and a metal loss of
0.00035 in. per side. Test cycle used was

30 min at 2200 F fellowed by a 6 min cooling cycle,
although the specimen cooled to room temperature in
a fcw seconds. Test samples were not descaled after
exposure and prior to weighing (26,27).

Oxidation behavior at 1800 F and air pressure of 8
torr, Figure 2.03315.
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Oxidation resistance in an arc jet simulating space
shuttle entry conditions. In an ar¢-heated, supersonic
test stream with a Mach number of approximately 6,
temperature of 2020 F, and surface pressure of 0.15
psi {7.6 torr), specimens of 0.017-in.-thick sheet
showed a weight loss of 7.5 mg/cm? and a total
metal thickness loss of 0.0015 in. after 50 30-min
cycles (25 hr exposure at temperature). A typical
test cycle consisted of inserting the specimens into
the arc-heated stream for 30 min and then removing
them from the stream to cool (28).

In a separate study (33), specimens of Haynes Alioy
No. 188 along with TD-NiCr, DS-NiCr, TD-
NiCrAl, and TD-NiCrAlY were heated for 25
10-mun cycles in a plasma ar¢ tunnel at an air
velocity of Mach 4.6. Surface pressure at the
specimens was 0.2 psi (10 worr). Weight changes for
the 3x3-inch specimens were greater for Haynes
Alloy No. 188 at 200 F (—91 mg) than for the TD
and DS materials at 2200 F (—12 w0 +51 mg).
These weight changes are relative (not specific) since
the edges were gripped in water-cooled holders.
Tests on a shingled, corrugated thermal protection
systern model constructed of Haynes Alloy No. 188
indicated good thermal protection to the underlying
primary structure during radiant heating to 1300 F at
Mach 4.5 and 6.7 at a dynamic pressure of 9 psi
(39).

Hot corrosion.

Haynes Alloy No. 188 has good resistance te hot
corrosion. The hot corrosion behavior of Haynes
Alloy No. 188 is compared with those of §-57
{Co-25Cr-10Ni-5Ta-3A1-0.5Y, developed specifically
for hot corrosion resistance), IN-617, and
TD-NiCrAl in Table 2.0342, The total metal
affected-side for Haynes Alloy No. 188 is two to
four times greater in the presence of sea salt than
during straight cyclic oxidation (zero sea salt). The
extent of attack for sea salt concentrations of 0.5 to
5 ppm is slightly greater at 1650 F than at 1830 F
and increases with increasing amount of sea salt. The
hot corrosion reaction is attributed to Na,SQ, which
forms by reaction of NaC! with sulfur contaminant in
the fuel. The presence of 4 ppm Na,50, in the
combustion air caused slightly more hot corrosion
than 5 ppm sea salt, both of which are equivalent in
terms of sea salt content. This difference in anack is
atributed 1o incomplete conversion of sea salt to
Na,SO. during the 2 msec residence time in the
bumner rig. The predominant oxide phases in the
retained scaté on Haynes Alloy No. 188 after
oxidation and after hot corrosion were spinel (M,0,)
and Cr,(;. When corroded with 5 ppm sea salt, the
alloy became enriched with sulfides just beneath the
scale and within the grain boundaries. At 1830 F,
the retained scale was thicker than at 1650 F under
all salt conditions. Internal oxidation was also
observed (40).

Hot corrosion of Haynes Alloy No. 188 and three
other high temperature sheet alloys in Mach 0.3
burner rig at 1650 and 1830 F, Table 2.0342,

Hot corrosion of Haynes Alloy No. 188 and other
sheet superalloys after 200 hours at 1650 F, Figure
2.0343.
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Haynes Alloy No. 188 is subject to severe corrosion
by molien salt at high temperawres in the presence
of oxygen. Mechanical properties are adversely
affected. Molten salt corrosion is of interest for
aircraft and space vehicles which may become salt-
laden due to exposure to ocean spray. Room
temperature tensile properties of salt-coated alloy
sheet after high temperature exposure in air, argen,
or Ar-] percent O (simulating low-pressure air such
as that encountered upon re-entry) are given in Table
3.02110 (41,42). Small amounts of salt, from 0.15 to
2.4 mg/cm®, cause a reduction in ductility after

1400 F exposure. Exposure a1 1800 F in ajr or Ar-1
percent O causes substantial reduction in both
residual strength and ductility. Argon exposure of
salt-coated specimens does not degrade subsequent
tensile properties, indicating that oxygen is a
necessary component of the salt corrosion reaction.
Creep-rupmre properties of bare and sali-coated alloy
sheet at 1800 F are given in Table 3.0419 (42). The
creep resistance and ductility are again reduced, sub-
stantially in air and Ar-1 percent O and moderately in
argon. Separate studies (43) of Haynes Alloy No.
188 in molten NaCl established that the corrosion
rates are highly dependent on oxygen, increasing
with increasing oxygen pressure. Nonprotective
scales were formed which consist of CoWQ,,
CoNiO,, CoCr,0,, and/or NiCr;0,. A thickness
reduction of 3.5 mils was observed for 20-mil sheet
after 24 hr exposure in molten salt at 1510 F in an
air furnace. This high rate of uniform attack was
accompanied by further intergranular oxide
penetration to a depth of about 4 mils. Chromium
loss was alsc observed at the grain boundaries.
These observations indicate that the reduction of
mechanical properties is largely due to intergranular
corrasion.

Reactions with other gases.

Exposure to hydrazine decomposition products at
1800 F causes subsurface hardening and degradation
of mechanical properties through nitriding. Hardness
wraverses indicate internal mtridation to a depth of
about 15 mils after a 1000-hr/1800 F exposure to
partially dissociated ammonja (representative of
hydrazine decomposition), Figure 2.0352. Tensile
ductility at 1800 F is substantially reduced after
1800 F exposure. Haynes Alloy No. 188 is also
brittle in bending at room temperature after a 1000-
hr/1800 F exposure 1o ammonia. These property
changes render Haynes Alioy No. 188 unattractive
for applications involving exposure 10 nitrogen
compounds such as ammonia or hydrazine at 1800 F
or higher (44).

At 1450 and 1600 F, the alloy exhibits no significani
decrease in tensile properties atributable to a
NH,/N,/H, environment for exposure times of 2 hr.
The low cycle fatigue life in compression at 1450 F
is, however, slightly lower in 700 psi NH,/N,/H,
than in argon, as showr in Figure 3.0512 (45). The
high cycle fatigue behavior in tension at 1250 F in
products of dissociated hydrazine (obrained by
dissociating anhydrous ammenia) is shown in Figure
3.0513, However, conclusions cannot be drawn from
these latter data since comparable data in other
atmospheres are not available (46).

2.0352

2.04

3.01
3.011
3.012

3.013

3.014

3.015

3.02
3.021
3.0211
3.0212
3.0213
3.0214
3.0215

3.0216

3.0217

PRINTED: DECEMBER 1986

It may be concluded that fatigue properties of
Haynes Alloy No. 188 are more significantty
affected than tensile properties by exposure to
hydrazine decomposition products at intermediate
temperatares. The alloy may be useful in these
environments for short times ai temperatures up to
about 1600 F.

Cross-section hardness curves after exposure to
partially dissociated ammonia at 1800 F, Figure
2.0352.

Nuclear Environments

MECHANICAL PROPERTIES

Specified Mechanical Properties

AMS specified mechanical properties, Table 3.011.
AMS 5608 specifies that specimens heated to 1195 to
1205 F, held at heat for 10 min before testing, and
tested at 1195 to 1205 F at a strain rate of 0.003 to
0.007 in./in./min through the yield strength and a
cross-head speed of 0.5 in./min above the yield
strength shall have Fy, of 90 ksi minimum, F,, of 36
ksi minimum, e (in 2 in. or 4D) of 40 percent
minimum for material up to 0.020-in. nominal
thickness and 50 percent minimum over 0.020-in.
thickness. Direction of tensile test specimen is the
same as given in (a), Table 3.011 (3).

AMS 5772 specifies that rupture time at 1697 to
1703 F shall be 23 hr minimum when an initial axial
stress of 13 ksi is applied continucusly to specimens
from bars and flash-welded rings, and 12 ksi to
specimens from forgings. The test shall be continued
to rupture without change of load. Elongation after
rupture shall be not less than 15 percent in 4D.
AMS 5608 specifies that rupture time at 1697 to
1703 F shall be 23 hr minimum when an initial axial
stress of 11 ksi is applied continuously to specimens
from material over 0.020 in. in nominal thickness
and 9 ksi when thickness is 0.020 in. or less. The
test shall be continued to rupture without change of
iozd. Elongation in 2 in. or 4D after rupture shall be
not less than 15 percent for material over 0.020-in.
thickness and 8 percent when thickness is 0.020 in.
or less.

AMS 5608 specifies that grain size shall be ASTM 4
or finer.

Mechanical Properties at Room Temperature
Tension—stress-strain diagrams—tension properties.
Stress-strain diagrams. (See Figures 3.03112 and
3.03113))

Typical mechanical properties at room temperature
for various mill products, Table 3.0212.

Typical mechanical properties at room temperature of
welded sheet, Table 3.0213.

Effect of cold rolling at room temperature on the
mechanical properties of sheet, Table 3.0214.

Effect of cold rolling followed by aging on the -
mechanical properties of sheet, Figure 3.0215.
Effect of elevated temperature exposure on the room
temperature mechanical properties of sheet, Table
3.0216.

Effect of aging on room temperature elongation of
Haynes Alloy No. 188 versus Hastelloy X and
L-605, Figure 3.0217.



PRINTED: DECEMBER 1986

3.0218

3.0219

3.02110

3.022

3.0221

3.023

3.023t

3.0232

3.0233

3.024
3.0241
3.0242

3.0243

3.0244

3.025
3.0251

3.026
3.0261

3.027
3.0271
3.0272
3.028

3.03
3.031
3.0311

Embrittlement occurs after 1600 F long-time
exposure stressed or unstressed. Stress has no effect
on the embrittiement reaction (47).

Effect of thermal cycling at two thermal profiles
(insety on room temperature properties of exposed
sheet, Figure 3.0219. [The exposure conditions were
based on temperatures predicted for specific vehicle
locations by the Launch and Entry Vehicles Group of
Convair Division on a Convair-designed, medium
hypersonic L/D lifting re-entry spacecraft during a
typical re-entry trajectory. The thermal profiles were
obtained by selecting several constant temperature
levels that closely approximated the shape of the real
temperature versus time curves {(21)].

Effects of salt on post-exposure tensile properties at
room temperature, Table 3.02110.
Compression——stress-sirain diagrams—compression
properties.

Stress-strain diagrams. (See Figures 3.03211 and
3.03212))

Impact.

Impact strength of plate at room temperature in the
solution treated condition and after elevated
temperature expasure, Table 3.0231.

Effects of aging at elevated temperatures on notch-
impact energy at room temperature,, Figure 3.0232.
Aging time-temperature curves for 25, 50, and 75
percent reductions in notch-impact energy at room
temperamre for Haynes Alloy No. 188 and L-605,
Figure 3.0233.

Bending.

Bend ductility of aged sheet, Figure 3.0241.

Effect of elevated temperature exposure on bend
ductility of Haynes Alloy No. 188 and L-605 sheet,
Figure 3.0242. .

Effect of subsequent resolution heat treatment and
additional aging on bend ductility of sheet previously
subjected to elevated temperature exposure, Figure
3.0243.

Effect of average electron-vacancy number (N,),
determined from chemical composition, on bend
ductility of sheet after exposure at 1600 F,

Figure 3.0244.

Torsion and shear.

Mill annealed sheet with Fy, = 146 ksi and F, = 73
ksi has a shear strength of 134 ksi in single

shear (29).

A separate determination on mill-annealed sheet gave
an ultimate shear strength at reom temperature
(average of 23 tests) of 126.0 + 3.2 ksi in a single
shear (48).

Bearing.

Bearing tests conducted at room temperature in
accordance with ASTM E238 gave Fpp as

317.3 + 2.B ksi {average of six tests) and Fbry as
140.1 + 3.5 ksi (average of nine tests) (48).

Stress concentration.

Notch properties.

Fracture toughness.

Combined properties.

Mechanical Properties at Various Temperatures
Tension—stress-strain diagrams—tension properties.
Stress-strain diagrams. See Figure 3.03111 for 2
typical curve at 1600 F. Discontinuous yielding
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(Portevin-LeChatelier effect) has been observed
during tensile tests conducted in the range of 1200 to
1600 F (14).

Stress-strain curve at 1600 F, Figure 3,03111.
Typical stress-strain curves for sheet tested in the
longitudinal direction at room and elevated
temperawres, Figure 3.0312.

Typical stress-strain curves for sheet tested in the
transverse direction at room and elevated
temperatures, Figure 3.0313.

Effect of test temperature on tensile properties of
sheet, plate, and bar, Figure 3.0312.

Effect of test temperature on tensile properties of
sheet tested in the longitudinal and mansverse
directions, Figure 3.0313.

Effect of temperature on average tensile properties of
thin sheet tested in the longimdinal and transverse
directions, Figure 3.0314.

Effect of test temperature on tensile properties of
sheet after exposure at elevated temperatures, Figure
3.0315.

Effect of test temperature on tensile properties of
sheet after long-time exposure at 1500 F, Figure
3.0316. i
Effect of test temperature on yield strength of cold
rolled sheet, Figure 3.0317.

Effeet of test temperature on the ultimate tensile
strength of cold rolled sheet, Figure 3.0318.
Effect of test temperature on the tensile elongation of
celd rolled sheet, Figure 3.0319.

Effect of test temperamare on tensile properties of 30
percent cold relled and aged sheet, Figure 3.03110.
Tensile properties of Haynes Alloy No. 188 at
1800 F after exposure to partially dissociated
ammonia at 1800 F, Figure 3.03111.
Compression—stress-strain diagrams—compression
properties,

Stress-strain diagrams.

Typica! compression stress-strain and tangent
modulus curves for sheet tested in the longitudinal
direction at room and elevated temperatures,
Figure 3.03211.

Typical compression stress-strain and tangent
modulus curves for sheet tested in the transverse
direction at room and elevated temperatures,
Figure 3.03212.

Effect of test temperawre on the compressive yield
strength of sheet tested in the longitudinal and
transverse directions, Figure 3.03213.

Impact,

Effect of test temperature on impact strength of
plate, Table 3.0331.

Effects of aging at elevated temperatures on notch-
impact energy at 570 F, Figure 3.0332.

Bending.

Tarsion and shear.

Lap-shear strength of brazed joints, Table 3.0351.
Bearing.

Stress concentration.

Notch properties.

Fracture toughness.

Combined properties.

Creep and Creep-Rupture Properties
Creep-strain and creep-rupture curves for 100- and
1000-hr Jife of sheer at 1400 to 2000 F, Figure
3.041.
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Creep-rupture curves at 1300 to 2000 F for solution 3.054
heat treated sheet, Figure 3.042.

Creep-rupture curves at 1400 to 2000 F for sheet
tested in longitudinal and transverse directions,
Figure 3.043.

Average creep-rupture life at 1500 to 2000 F of 20
production heats of sheet based on short-time quality
control tests, Table 3.044.

Effect of sheet thickness on rupture life at 1500 and
2000 F, Figure 3.045.

Comparison of 100- and 1000-hour creep-rupture life
of Haynes Alloy No. 188 sheet at 1400 to 2000 F
with L-605 and Hasielloy X sheet, Figure 3.046.
Effect of stress and temperature on minimum creep
rate of sheet, Figure 3.047.

Effect of stress and temperature on minimum creep
rate of thin sheet, Figure 3.048.

Comparison of minimum creep rate stresses of
Haynes Alloy No. 188 sheet at 1400 to 1800 F with
Hastelloy X sheet, Figure 3.049.

Stress versus 0.5 percent creep curves for sheet at
1400 to 2000 F, Figure 3.0410.

Stress versus 1.0 percent creep curves for sheet at
1400 to 2000 F, Figure 3.0411.

Average creep-strain curves at 1200 to 1800 F for
thin sheet tested in longimdinal and transverse
directions, Figure 3.0412,

Comparison of 100- and 1000-hour 0.5 percent creep
strength of Haynes Alloy No. 188 sheet at 1400 to
2000 F with Hastelloy X sheet, Figure 3.0413.
Creep-strain and creep-rupture curves for sheet at
800 10 1600 F tested in the transverse direction,
Figure 3.0414.

Effect of grain size on creep rate of 15-mil sheet at
1700 F and 6 ksi, Table 3.0415.

The time to reach 0.5 percent creep strain at 1600
and 1800 F increases with increasing amount of cold
prestrain, as shown in Figure 3.0417. The increase
in time at 1600 F for a prestrain of 15 percent is
more than a factor of 10, equivalent to an increase in
creep strength of 60 percent. The beneficial effects
of prestraining disappear after about 1000 hours at
1600 F or 10 hours at 1800 F. The creep strength
improvement is associated with dislocation pinning
by My Ce precipitate {(59).

Effect of prestraining at room temperature on 0.5
percent creep strain curves at 1600 and 1800 F,
Figure 3.0417.

Effect of thermal-mechanical processing on 0.5
percent creep strength of thin sheet at 1200 to

1800 F, Figure 3.0418.

Effects of sah and test atmosphere on creep-rupture
properties at 1800 F and 5.25 ksi, Table 3.0419.

3.055

3.056

3.057

3.058

3.059

3.0510

3.0511
Fatigue Properties
Low cycle fatigue data at 1700 F for Haynes Alloy
No. 188, Hastelloy X, and GTA-welded Haynes
Alloy No. 188, Figure 3.051.
Axial-load fatigue strength of unnotched sheet at
room and elevated temperarures tested in the
transverse direction, Figure 3.052.
Axial-load fatigue strength of notched sheet at room 3.06
and elevated wemperatures tested in the transverse 3.061
direction, Figure 3.053, 3.062

3.0512

3.0513
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Axial-load fatigue strength of unnotched thin sheet at
room and elevated temperatures tested in the
longitudinal direction, Figure 3.054.

Low cycle fatigue crack-growth rates are presented
in Figure 3,056 and summarized in Figure 3.057.
The high value of the exponent m in the empirical
relation da/dn = AAK® is auributed to the high
work hardening rate of Haynes Alloy No. 188 and
reflecis good resistance to fatigue crack growth. The
exponent m decreases from 6.6 at room temperature
and 1110 F 1o 5.5 at 1600 F as a result of increasing
recovery and decreasing rate of work hardening. The
influence of cyclic frequency en the crack-growth
rate is negligible at high frequencies but below a
critical frequency the crack-growth rate increases
rapidly with decreasing frequency, as shown in
Figure 3.058. At the same time, the fracture path
changes from transgranular to intergranular. Also
shown in Figure 3.058 is a creep crack-growth line
derived from creep crack measurements on
specimens from the same lot of material. The creep
crack-growth curve serves as a lower limit for
fatigue crack-growth rates. Crack-growth rates in the
transition region between pure fatigue and pure creep
are affected by oxidation. The transition region is
relatively narrew here because of the good oxidation
resistance of Haynes Alloy No. 188. Of further
interest are the crack-growth rates expressed in time
units rather than cycles, as shown in Figure 3.059.
The crack-growth rates are seen to increase with
increasing cyclic frequency. For example, the rates
at a frequency of 10 cycles/sec are more than two
magnitudes greater than those for steady creep under
(static) loading (49,63).

Fatigue crack-growth rates at 1110 to 1600 F, Figure
3.056 [(a) 1110 F, (b) 1400 F, and (c) 1600 F].
Fatigue ¢rack-growth rates at a frequency of 10 eps
at room temperawre and elevated temperatures,
Figure 3.057.

Frequency and temperature dependence of fatigue
and creep crack-growth rates, Figure 3.058.

Crack growth per second at 1110 F under steady
state creep and under cyclic loading at various
frequencies, Figure 3.059.

The low cycle fatigue life of Haynes Alloy No. 188
is moderately degraded in 5000 psi hydrogen at both
room temperarure and 1250 F as compared to testing
in 5000 psi helium, as shown in Figure 3.0511.
Degradation of Haynes Alloy No. 188 is more severe
than the iron-base alloys A-286 and stainless steel
Type 347 but less severe than the nickel-base alloys
Inconel Alloy 718, Inconel Alloy 625, and Waspaloy
(46,50).

Effecis of high pressure hydrogen on low cycle
fatigue life of Haynes Alloy No. 188, Figure 3.0511
[(a) room temperature and (b} 1250 F].

Effects of hydrazine decomposition products on low
cycle compressive fatigee at 1450 F, Figure 3.0512.
High cycle fatigue strength of Haynes Alloy No. 188
at 1250 F in hydrazine, Figure 3.0513.

Elastic Properties
Poisson’s Ratio, Figure 3.061.
Modulus of clasticity, Figure 3.062.
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3.063
3.064
3.065

4.01
4.011

4.012

4.013

4.014

4.015

4.016

4.017

4.018

4.019

Modulus of rigidity.
Tangent modulus (see Figures 3.03211 and 3.03212).
Secant modulus.

FABRICATION

Forming

General. Cold working is the preferred method for
bending, deep drawing, and spinning the alloy into
various shapes. It has excellent ductility, but tends to
work harden to greater extent than the austenitic
stainless steels. Consequently, more intermediate
stages of deep drawing or cold forming may be
required to produce the final part. Annealing at
2150 F followed by rapid cooling will restore the
original ductility. Lower intermediate annealing
temperatures will produce a fine-grained structure
with less formability and a higher tensile swrength
than the original material. Most parts will require a
solution armeal at 2150 F after final cold working.

Strain introduced during any cold working operation
should exceed at least 12 percent cold reduction.
Critical strain (cold working to the extent of about 2
to 12 percent) produces abnormal grain growth upon
subsequent annealing and should be avoided.

Care should be taken to remove all lubricants or die
material before annealing, since many of these
preparations will affect the characteristics of the alloy
(see Sections 1.093 and 1.097). It is also desirable to
remove scale from the annealed part prior to the next
forming operation, either by pickling or suitable
mechanical means (10,11,22).

Press forming or drawing the alloy generally requires
about twice as many intermediate anneals as for
austenitic stainless steels. With proper lubrication and
die design, some of the simpler operations can be
performed without an intermediate anneal (1C).
Spinning operations usuaily work harden the alloy
somewhat more than press forming. Annealing
betwen spinning operations is, therefore, recom-
mended, although fairly severe reductions are
possible in light gages without intermediate anneals
o).

Drop-hammering operations to form Haynes Alloy
No. 188 sheet utilize the same techniques used for
stainless steel. Annealing is essential if the depth of
draw is severe (10).

Punching is usually performed cold. Perforations
should be limited to a minimum diameter of twice
the gage thickness, The center-to-center dimension
should be about three to four times the hole
diameters (10).

Erichsen cup depth test results at room temperature
range from 0.56 in. for 0.078-in-thick sheet 10 0.46
in. for 0.020-in.-thick sheet in the 2150 F solution
treated condition (1,11).

Bend properties. {See Section 3.0243.)

The tensile strain hardening exponent of the alloy
varies from 0.51 at room temperature to 0.32 a1
1350 F, then stabilizes at a value of approximately
0.11 from 1450 to 1600 F at a strain rate of 0.005
in./in./min (11,14},

Forging. Inidal forging temperamre is 2150 to

2175 F maximum and finishing temperature is

1800 F minimum. On initial forging of ingots, avoid
making radical changes in cross-sectional shape, such

4.0110

4.02

4.02)

4.022

£.023

4.024

4.03
4.031
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as going directly from a square 10 a round. After the )
cast structure has been broken up. moderaiely heavy o
reductions of 25 to 40 percent are beneficial in Low C
maintaining as much internal heat as possible, 22 Cr
thereby minimizing the number of reheatings and 22 Ni

grain coarsening (10).
The effects of thermal-mechanical processing (TMP) | 14 W
on the creep properties of Haynes Altoy No. 188 .08 La
have been evaluated by Klarstrom (36). Significant

improvements in the low strain creep strength were Haynes
obtained in thin sheet by fabricating to a strong Alloy
crystallized texture. The TMP schedule considered to No. 188
give optimum strengthening consisted of 80 percent

final cold work followed by a 10-min anneal at 2250 F.

The major components of the texture resulting

from this TMP schedule, with respect to the plane of

the sheet and the rolling direction, were identified as

(110) [110] and (112) {110]. The 0.5 percent creep

strength of textured sheet is up to 70 percent greater

thap that of baseline untexrured (production) sheet, as

shown in Figure 3.0418. Grain size also affects

creep behavior, although not as much as TMP.

Relative to baseline sheet with a grain size of ASTM

6 to 6%, experimental sheet processed to a coarser

grain size of ASTM 2 to 4 exhibited slightly greater

times to 0.5 and 1.0 percent creep strain, as shown

in Table 3.0415, and also an increase in the total

amount of primary creep strain. Fine-grained sheet

with a grain size of ASTM 7 to 8 is weaker in creep

than coarser grained material. The creep strength is

related directly to grain size but not to sheet

thickness per se (36), in contrast to earlier

observations summarized in Figure 3.045.

Machining and Grinding

Machining. In general, Haynes Alloy No. 188 has
the same machinability characteristics as L-605 alloy.
Effective machining requires the employment of
proper tools and feed rates. Relatively short tool
lives, however, may be expected. Due 10 the work-
hardening nature of cobalt-base alloys, intermittent
cuts should be avoided whenever possible, In
general, high speed tools are applicable for most
tapping, reaming, drilling, and milling operations.
Carbide tools may be used for certain roughing
operations provided that rigid set-ups are available.
Specific and detailed data on cutting tool materials,
tool design, feed and speed rates, and lubricants for
turning, facing, boring, drilling, milling, reaming,
and tapping are listed in Reference 10, pp 14-17,
and should be consulted before undertaking critical
machining operations.

Grinding operations should be performed with
aluminum oxide wheels. There is little danger of heat
checking this alloy, but it can be damaged by poor
grinding practice (22).

Specific and detailed data on grinding wheel
description and specifications (by manufacturers’
listing) for type of work and recommended lubricants
are given for rough, ¢ylinder, surface. internal, and
thread grinding and for internal honing in Reference
10, p 18,

Joining
General. This alloy is amenable to joining vsing
several conventional fusion welding processes, such
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as gas-tungsten arc, gas-metal arc, and electron-beam
welding. Oxy-acetylene welding is not recommended
because of the susceptibility of carbon pick-up from
the acetylene flame. Gas-tungsten arc (GTA) welding
generally produces the most satisfactory results.
Because this is a solid-sclution strengthened alloy,
microstructural changes, due to elevated temperature
cycles associated with the welding arc, are held 10 a
minimum. Furthermore, no allotropic phase
transformations are encountered in the heat-affected
zone (11,12).

Good joining practices produce sound welds. Joint
preparations and cleaning prior to welding are most
important. Prehea: is not required. Weld interpass
temperatures should be under 200 F, and excessive
weld heat input should be avoided.

The alloy has a relatively low heat-affected-zone
(HAZ) hot-cracking susceptibility. Iis BAZ
characteristics are similar to Hastelloy X (a nickel-
base alloy} and exhibit an improvement in weldability
over L-605 (a cobalt-base alloy) (11). 4.04
Hot-zone cracking likelihood is greater if welding is 4.041
done in the cold-worked condition. Any fusion
welding of cold-formed parts should be preceded by
a solution annealing treatment to minimize
possibilities of hot cracking in the heat-affected zone
(11,22).

Thin sheet is more susceptible than thick sheet to hot
cracking in the heat-affected zone after gas rungsten
arc welding. The extent of cracking is related to the
ratio of sheet thickness to grain diameter, as shown
in Figure 4.036. Hot cracking is most severe when
the thickness-to-grain diameter ratio decreases to a
value of 4 or less. This increased hot crack sensi-
tivity in material with low thickness-to-grain diameter
ratios apparently reflects greater ease of imtergranular
propagation in the heat-affected zone of cracks
originating at resolidified grain boundries. Any
forming operation which requires cold working and
subsequent annealing prior 1 a fusion joining
operation should be conducted so that the resulting
thickness-to-grain diameter ratio will be greater

than 4 (51).

Effect of sheet thickness-to-grain-diameter ratio on 1
hot crack sensitivity of GTA-welded thin gage alloy

from five heats, Figure 4.036. 2
Excessive restraint during welding and physical 3
contamination by metallic copper from welding

fixtures (see Section 1.097) can cause heat-affected- 4
zone cracking and should be avoided (11,22).

Specific welding procedures and parameters for 5
GTA, GMA, spot- and seam-welding are given in 6
Reference 10, pp 2-9, and for electron-beam and

resistance welding in Reference 16, pp 13-18.

Effecr of test temperature on tensile properties of

GTA-welded sheet, Figure 4.039. 7
Rupure life of GTA-welded sheer, Table 4.0310.

Brazing. The alloy can be readily joined by brazing,

provided that all joining surfaces are free of al) 8
contaminants. Cleaning can be done by etching,
solvent-scrubbing, degreasing, or mechanical

blasting. A wide variety of brazing alloys can be

40312

4.042

used, depending upon service wemperatare conditions; 9
however, brazing alloys high in copper or silver
content are not recommended. Nickel-base or cobalt- 10

base brazing alloys are recommended for most
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elevated-temperature applications. Brazing should be
performed in a furmace under controlled-atmosphere
conditions, such as argon, hydrogen, or vacuum
(10,11,22).

Diffusion bonding. Under proper conditions, parts
can be successfully joined together by this technigue.
Complete removal of surface oxide and all
contaminants is necessary followed by processing in
hard vacuum environments. Temperatures
approaching 2150 F are generally sufficient to obtain
a metallurgical bond. For more critical applications
requiring exceptional joint quality, a suitable
interlayer material is generally recommended. Joint
shear strengths approaching 75 percent of the tensile
stress are attainable. Because the alloy has
outstanding high-temperature stability, the long-time
elevated-temperature thermal cycle associated with
the diffusion bonding process is not harmful to the
mechanical properties of the base material (11,22).

Surface Treatment

Cleaning. The alloy is relatively inert to cold acid
pickling solutions. After heat treatment, the oxide
film is more adherent than that associiated with
stainless steels. Molten caustic baths followed by
acid pickling have been found to be most effective in
final cleaning operations. Descaling is performed at
800 1o 1000 F in commercial molien saits based on
sodium hydroxide with various proprietary catalytic
and oxidizing agents. Subsequent acid pickling
solutions depend upon thee caustic descaling medium
used. Sulfuric-hydrochloric, permanganate, and
nitric-hydrofluoric acid baths or combinations thereof
are generally employed (22).

Specific recormmendations on the composition and
usage of molten caustic baths and acid pickling
solutions are given in Reference 10, p 19.
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Haynes Alloy No. 188 Haynes Alloy No. 188 Co
Percent Condition Structure lLow C
Element Minimum | Maximum Solution annealed | FCC matrix, primary MgC, La-rich 22 Cr
Carbon 0.05 0.015 compound (La,M,) associated with MgC 29 Ni
Manganese — 1.25 Aged at 1800 F | FCC matrix, primary MgC, La,M,,
Silicon 0.20 0.50 € o MG, LaxMy 14 W
Phosph 0.020 secondary MyC 08 La
Surfi l:_ orus _ 0.015 Aged at 1600 F FCC matrix, primary MgC, La,M,, .
Chremium 20.00 24.00 secondary MgC, M23Ce Haynes
Nickel 20.00 24,00 Aged at 1400 F | FCC matrix, primary MgC, La,M,, Alloy
Tungsten 13.00 16.00 secondary My;Cq No. 188
Lanthanum 0.02 0.12 Aged at 1200 F Annealed constituents
Boron — 0.015 and lower
Iron - 3.00
Cobalt Remainder Samples aged 200 and 500 hr at temperature
TABLE 1.054. EFFECT OF SOLUTION TREATMENT AND
TABLE 1.04. COMPOSITION (3,4.5) AGING ON MICROSTRUCTURE AND
MICROCONSTITUENTS (1,6)
80 T T — 240
Haynes Alloy No. 188, Original Sheet:
0.077 inch Mill Annealed
” -
,4‘;"0.2 percent
7 Yield Strength 200
V4
75 ‘ - rl
II
! £ —— T . T
7 ,5‘ Haynes‘ Alloy I_\Io. 188, Original _Sheet:
é ’I 180 g 90 t+—— 0.077 inch, Mill Annealtlad 30 minutes —=—e—
T / cﬁ Cold Reduction
g / k-] v 50 percent
B 70 7 ] O 30 percent
] t 0 10 percent
T 5 80— A 0 percent n
/ 120 o Solid Symbols Indicate
> . Recrystallized Structures
§ E 0)‘"-:. After Annealing
&
n T —
g 05
65 E
Xz
[/ 80 .
1 ————
60
&0 40 50 =N
o} 10 20 30 40 50 1400 1800 1800 2000 2200
Cold Reduction, percent Temperature, F
FIGURE 1.063. EFFECT OF COLD ROLLING ON THE FIGURE 1.064. HARDNESS RECOVERY CHARACTER-
HARDNESS AND YIELD STRENGTH ISTICS FOR COLD ROLLED SHEET
OF SHEET (8,9) UPON ANNEALING {8,9)
CODE 4310
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NONFERROUS ALLOYS

Co
TO T T T T T
Co Haynes Alloy No. 188, 0.060-inch Sheet
tow C ,"\\
22 Cr H A
22 Nl fl /}‘17 Heat A
4w e R
,’ // \N
08 La )P 72N A
Haynes ; ¢ / / '-‘\
Alloy /\ I / \
No. 188 « 62 7 ¥
4 ! \
N
-] F] Heat B
=
B ,’
7 g P,
54
Exposure Time
e 3360 hr
-—=— 5244 hr
50 -
800 IGO0 1200 1400 1600 1800 2000
Temperature, F
FIGURE 1.066. EFFECT OF ELEVATED TEMPERATURE
EXPOSURE ON HARDNESS OF TWO
HEATS (6)
250 T T T
Haynes Alioy No. 188
- -~
£ 200 &
2w L
ey d
=4
Br
82 150
T3
o @-—® Calculated
£ 100
50
(o) 400 800 1200 i600 2000
Test Temperature, F
FIGURE 2.013. THERMAL CONDUCTIVITY {1,7)
CODE 4310
Page 12
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Haynes Alloy No. 188, Mill Anneated {2150 F)
Prior to Exposure
L
‘/ ’\MZIS‘CG
P
MgC _/ A \+\
— Mgc _J|” L \\‘C
MgC + ~7 Ma3Ce
MaqC
o 23.,. 6 '\L"' Laves
—M23Ce :
Laves ~[ =
MgC R \“-.___ | _
Order of Phases Listed Indicates
Rl?la’ti\r? Abu ndanc?

10'

102 i0®

Time, hr

FIGURE 2.0121. MICROCONSTITUENTS OCCURRING
UPON ELEVATED TEMPERATURE
EXPOSURE (17}

Haynes Alloy No. 18,2150 F, Mill Annealed

Thermal Expansion, 10°5 in.fin./F

& j
Mean Coeffic
. FroT RT tﬂl Tamperature Indicated
1 L 1

ient Linear Thermal Expansion

5
-400 ©

400

800 (200 1800 2000

Test Temperature, F

FIGURE 2.014. THERMAL EXPANSION {1,7,14,20}
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0.5

o.l4

.13

Qa2

.l

Specific Heat, Btu/lb F

0.10

0.09

400 800 (200

NONFERROQUS ALLOYS Co
T T 0.24 T T T
Haynes Alloy No. 188 Haynes Alloy No. 188 Co
Low C
. o022 22 Cr
t / 22 Ni
=
3 0.20 A 14 w
o / .08 La
Z
2 o8 Haynes
2 / Alloy
[a]
3 016 No. 188
£
-
£
'—
0.4
Q2
1600 2000 2400 Q 400 800 1200 1600 2000 2400
Temperature, F Temperature, F
FIGURE 2.015. SPECIFIC HEAT (1,14) FIGURE 2.016. THERMAL DIFFUSIVITY {14)
Haynes Alloy No. 188
Concentration,
weight Corrosion Rate, mils/year
Medium percent Temperature | Haynes 188 | L-605 | Hastelloy C | Hastelloy B
Acetic Acid 10 Boiling i - 0.1 - -
’ 9 Boiling Nil Nil 0.1 0.2
Chromic Acid 10 Boiling 54 - 17 550
Hydrochloric 10 Room 21 0.2 2 2
Acid 5 Boiling - > 1000 — -
10 Boiling > 1000 > 1000 — -
Nitric Acid 10 Boiling 0.6 0.8 — —
65 Boiling n 53 820 > 1000
Nitric Plus 15+ 150 F 30 - - > 1000
Hydrofluoric 8 (vob)
Acid
Phosphoric 10 Boiling — 2 — -
Acid 55 Boiling 8 4 - -
85 Boiling 529 144 - -
Sulfuric 10 (vob) Boiling 43 148 —_ -
Acid 96 (val) Boiling - 76 — —_
Sulfuric Acid 50 (vol) + Boiling 18 26 - —
plus Ferric 4.2
Sulfate
Ferric Chloride 5+ Room il — Nil > 1000
plus Sodium 10
Chloride
TABLE 2.0312. CORROSION RATES IN SEVERE AQUEOUS ENVIRONMENTS FOR
HAYNES ALLOY NO. 188, L-605, AND HASTELLOY B AND C (11,52)
CODE 4310
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Co Haynes Alloy No. 188
tow C Cold Corrosion
22 Cr Reductic;n, -l[ialte,
- rcen
22 Ni pe : mi s:;ear
14 w 10 53
.08 La 30 137
Haynes 50 157
Alloy TABLE 2.0313. EFFECT OF COLD WORK ON CORROSION
No. 188 1N BOILING 10 PERCENT SULFURIC
ACID (52)
3-0 T - T
Haynes Alloy No. 188
2.0 /
= |5 pa iy
E 2160 F a4
fo: / /
- P 3 T r
g0 / . Haynes Alloy No. 188
° o8 Z
= v / = Hastelloy
5 /Amo F/ /] e L-605 Alloy " Allay X
E 06 v & /
g 05 / / y. ] | !/ e Haynes Alloy
g Aou F / E /—/ No. 188
0.4
p ’ d < o +—] 100-hr Test
wn
5 1800 1700 1800 1900 2000
= Tempearature, F
o
2 1600 F
0.2 FIGURE 2.0334. OXIDATION RESISTANCE IN DRY AIR
(100 HOUR TEST) FOR HAYNES
ALLOY NO. 188 VERSUS HASTELLOY
X AND L-605 ALLOYS SHOWING CON-
Air Flow: 3 ft3/hr/in.2 of TINUOUS PENETRATION FROM
Furnaee Cross Section ORIGINAL THICKNESS (1)
j | ] ]
Q.l
100 200 400 600 800 1000
Time, hr
FIGURE 2.0333. OX!DATION OF SHEET IN SLOWLY
MOVING AIR (11}
Alloy Haynes 188 | Hastelloy X | L-605
Test Temp, F Weight Loss,* mg/cm?
1600 1.0 1.5 2.1
1800 1.5 2.4 8.5
2000 3.9 54 42.4
2100 9.2 9.2 106.1

*Descaled

TABLE 2.0335. OXIDATION WEIGHT LOSS AFTER
INTERMITTENT EXPOSURE FOR 100
HOURS IN DRY AIR (BASED ON
DESCALED WEIGHT CHANGE) FOR
HAYNES ALLOY NO. 188 VERSUS
HASTELLOQY X AND L-605 ALLOYS (1)

CODE 4310
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Haynes Alloy No. 188 Co
Exposure Zone Thickness, mils Low O
Time, Surface Intergranutar Alloy 29 Cr
Alloy hr Scale Penetration | Depletion® | Total(®) )
Haynes 1,000 0.3 1.9 3.2 35 22 Ni
Alloy 5,000 3.0 30 9.0 12.0 14 W
No, 188 10,000 1.5 (4.0)19) 5.0 7.0 12.5 .08 La
L-605 1,000 0.7 3.6 3.6 4.3 H
5,000 2.0 4.0 4.0 6.0 aynes
10,000 2.0 2.0)®) 4.0 4.0 8.0 Alloy
Hastelloy X 1,000 0.6 1.7 — 2.3 No. 188
5,000 1.3 1.0 a0 4.3
10,000 2.0 7.0 7.0 9.0
(a) Depletion of zlloy constituents.
(b) Total is surface scale plus maximum of either intergranular penetration or alloy
depletion.
(c) Number in parentheses is thickness of scale that spalled.
Note: Specimens were sheet, measuring 0.5 x 1.0 x .06 to 0.08 in.
TABLE 2.0336. LONG-TIME OXIDATION BEHAVIOR IN STILL AIR AT 1830 F (34)
Haynes Alloy No. 188
Woedge-Shaped Specimens Machined From
0.5-inch Diameter Bar Stock
Furnace Testing Consisted of 3 min in Still Air
at 2000 F Plus Minimum of 3 min Air Cool for
Total of 2000 Cycles {100 hr at Temperature) Wedge-ShaHpae\:jn;spa:lil:\:nNsT\;I:r:shsined From
Burner Rig Testing Consisted of Rotating Sr.)eci- Bar Stock
20 - mensat 1000 pm Alternately for 3 min in - Fuenace Testing Consisted of 1 hr in Still Air at
aminin h°g‘7‘;:5""g“A.’ BI‘"’“ an Indicated Temperature Plus Minimum of 40 min
min in Mach 0.7 Cold Air Blast Air Cool for Total of 100 Cycles
0f =k Burner Rig Testing Consisted of Rotating Speci-
\j\ mens at 1000 rpm Alternately for 1 hr at
Indicated Temperature in Mach 0.3 Combustion
E_' Products and 3 min in Mach 0.7 Cold Air Blast
-20 Metal Losses Were Calculated From Measured
NE } Fumac:\l Waight Changes
o
= \ Burner Rig
E‘ -40
g. \ 1000 —]
o Burner Rig D -+ Furnace
=
‘,‘_’ -60 \ o~ ]
£ £ 100 1 —
B 8
] = _— pre—
= 80 y £ b
i g 10 || -
o |
] |
E
-l00 g I " T T o TR TR T s 0 K B
alel]e cleje =slele
alaclo efole a =N B=]
oo™ el 1 -
-120 ol ei8|o =fNle DIN|N
Q 20 40 60 80 100 120 Haynes Alloy L-605 Hastelloy X
Time, hr No. 188
FIGURE 2.0337. OXIDATION WEIGHT CHANGES DUR- FIGURE 2.0338. CALCULATED METAL LOSSES AFTER
ING CYCLIC FURNACE AND BURNER CYCLIC FURNACE AND BURNER RIG
RIG EXPOSURES AT 2000 F {35) OXIDATION EXPOSURES FOR 100
HOURS AT 1900 TO 2100 F FOR
HAYNES ALLOY NO. 188, L-605,
AND HASTELLOY X (35)
CODE 4310
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Haynes Alloy No. 188, Annealed Sheet
Oxidation Tested in Burner Rig With Combustion
Gas Velocity Mach 0.18—0.25
Air-to-Fuel Ratio 45:1 to 55:1
Specimens Rotated at 30 rpm During Test and
Cycled From Test Temperature to Less Than
500 F Each 30 min With Cold Air Blast
Metal Loss = Metal Converted to Oxide at Surface
Metal Affected = Metal Loss Plus Maximum
Internal Oxide Penetration
Each Data Point is Average of 4 10 8 Measurements]
Sheet Thickness 0,014 to 0.076 inch

\ Metal

Vi
/ & Aftected
/N
/

AN

AR

/ =
7

2
1500 1600 1ITOC 1800 1900 2000 2I00

Temperature, F

FIGURE 2.0339, DYNAMIC OXIDATION OF HAYNES

ALLOY NO. 188 AFTER 100 HOURS
AT 1600 TO 2000 F {37)

Haynes Alloy No. 188
Tests at 1800 and 2000 F in Combustion
Products of A-640 Aviation Kerosene; Air:Fuel =
40:1; Gas Velocity Approximately Mach 0.3;
2 Thermal Cycles/hr Consisting of 25 min at
Temperature and 5 min Rapid Air Cool
to Below 1000 F
—
*Total Depth Metal Affected =
|— Depth Metal Turned to Oxide — 1| |
Plus Depth Subjected to
Internal Oxidation
—ee \\‘ 1800 F Tests —————od |—
[0] 2000 F Tesss
-
N1N|N N

Haynes Hastelloy L-605 innénel Incone!
Alloy X 601 X-750
No. 188

FIGURE 2.03311. OXIDATION RESISTANCE UNDER

Co
Co
Low C
22 Cr
22 Ni
14 W
.08 La
Haynes 4
Alloy
No. 188
B
= 2
E
£
2
5 08
3
s 06
£
<
';.-5 0.4
=
3
E
£
§ 12
£
<
¥
36
Z 4
<
3
E 2
g
=0
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DYMNAMIC CONDITIONS OF HAYNES
ALLOY NO. 188 VERSUS OTHER
SHEET ALLOYS (11)

Parabolic Oxidation Weight Gain

Haynes Alloy No. 188, 0.015—0.0185-inch Sheet
Mach 0.3 Burner Rig Tests
Specimens Cooled to Less Than 500 F After
Each 30-min Exposurs
Ir Average and Standard Deviations Shown for
9 Specimens From 3 Mill Heats
¢}
™~
E N
2
£ .
@ \ T
2 \
o
S -2
£ ™
[-]
g
3 41
-4

0 20 40 60 80 100 120

Time, hr

FIGURE 2.03310. DYNAMIC OXIDATION WEIGHT
CHANGE BEHAVIOR OF THIN
SHEET AT 2000 F (36)

Haynes Alloy No. 188
Induction Melted, Cast, Vacuum Annealed 24 hr,
1830 F + Hydragen Annealed 30 min, 1830 F
Polished to 600 Grit
Continuously Weighed During Oxidation in
Stowly Flowing 90 Helium-10 Oxygen Mixture
for 43 t0 70 hr

5

- Z I\
oF 3
7,

Rate Canstant, 92/cm%/sec

4
O Haynes Alloy No. 1B8 Plus Si
A Haynes Alioy No. 188 Plus
0.2 Y Plus Si
2x107'12 l
o} 2.5 5 7.5 10

Silicon, weight percent

FIGURE 2.03313. EFFECTS OF SILICON AND YTTRIUM
ON OXIDATION RATE OF HAYNES
ALLOY NO. 188 AT 1830 F (38)
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Total Metal Affected, mil/side

NONFERROUS ALLOYS

—Haynes A

— Static Exg

lloy No. 188, 0.010 and 0.020-inch

Sheet, Solution Annealed

pasure in Hot-Wall Furnace

,,o-cr"”"ﬁ—

P

P S

o d

102

0%

Time, hr

10*

FIGURE 2.03315. OXIDATION BEHAVIOR AT 1800 F

‘AND AIR PRESSURE OF 8 TORR (47)

Co

Co
Low C
22 Cr
22 Ni
14 W
.08 La

Haynes Alloy No. 188

Total Metal Affected, mils/side(®
Temperature, Sea Salt, ppmn 4 ppm
F Alloy 005 ] 2 3 10 | NaySO4
1650 8-57 24|24 | 24 (24 1.8 3.5
IN-617 13133 | 46| 46 14 4.1
HA-188 1.8 ] 34 4.7 | 4.7 22 5.1
TD-NiCrAl 0 1.0 | 126 | (b} (b) 2.5
1830 8§57 51| 5.1 51 | 5.1 6.9 5.6
IN-617 314 42 56 |56 8.9 7.7
HA-188 1.8 ] 26 3.5 ]38 7.2 59
TD-NIiCrAl | 0 | 0.4 | 3.1 | 2200 | .10 3.140)

Test Conditions: Mach 0.3 burner rig, one atmosphere pressure.
Combustion air contained indicated amount of synthetic sea

{¢) Failed during test outside maximum temperature zone. Values shown are

salt or Na;S0,
Type A-1 fuel, sulfur content .02 to 0.06 weight percent
Air: fuel ratio 20:1 at 1652 and 16:1 at 1832 F
Specimens rotated at 300 rpm
Time at temperature 100 hr. Cycle consisted of 1 hr at
temperature and 3 min forced air cooling.
(a) Total metal affected per side = (imitial thickness minus fina! unaffected
thickness)/2. Initial thickness about 40 mils for TD-NiCrAl, 80 mils for
HA-188 and 5-57, and 120 mils for IN-617.
(b) Failed during test in maximum temperature zone.

after 40 hours,

TABLE 2.0342. HOT CORROSION OF HAYNES ALLOY NO. 188 AND

THREE OTHER HIGH TEMPERATURE SHEET ALLOYS

IN MACH 0.3 BURNER RIG AT 1650 AND 1830 F (40}

Haynes
Alloy
No. 188

CODE 4310
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Co

Co
Low C
22 Cr
22 Ni
14 W
.08 La

Haynes
Alloy
No. 188
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Haynes Alloy No. 188

NONFERROUS ALLOYS

Sheet Alloys, Annealed
Hot Corrosion Tested in Burner Rig With Com-
bustion Gas Velocity of 13 fps (Mach 0.01)
5 or 50 ppm Sea Satt in Combustion Air
No. 2 Fuel Qil With 0.3 10 0.45 percent Sulfur
Air-to-Fuel Ratio 30:1
Specimans Rotated During Test and Cycled
From 1650 F to Less Than 500 F Each hr
in Cotd Air Blast
Metal Loss = Metal Converted to Oxide at Surface
Metal Affected = Metal Loss Plus Maximum
Internal Oxide Penetration
Data are Averages of 5 and 50 ppm Salt Exposures

Metal Loss Meztal Affected

Hastelloy X ] ]
Hastelloy S | ]
Rene 41 )| J
Waspaloy | _
Inconel 625 1 |
Inconel 601 1 J
Inconel X-750 1 1
L-605 1]

1)1 1 [ l

04 06 | 2 4 6 10 20 40

Metal Loss or Metal Affected, mil/side

FIGURE 2.0343. HOT CORROSION OF HAYNES ALLOQY

NO. 188 AND OTHER SHEET SUPER-
ALLOYS AFTER 200 HOURS AT
1650 F {53)
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Haynes Alioy No. 188, 0.052—0.053-inch Sheet
Dissociation of NH3 Estimated at 60 parcent
50 | Total Gas Pressure 1 Atmosphere .
O
40 —é\‘\
Q 100 hr
© 10 hr
:_ 30 8
§ Q\ a [m] o
£ Lk
T 2= o —0
I Unexposed Fo)
10
0
0 -] 1o I5 20 25 30
Distance From Surface, mil
FIGURE 2.0352. CROSS-SECTION HARDNESS CURVES

AFTER EXPOSURE TO PARTIALLY
DISSOCIATED AMMONIA AT
1800 F (44)
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Alloy Havnes Alloy No. 188 Co
ar, Forgings,
Form Sheet, Strip, Plate Flash Welded Rings Low C
Condition Solution Heat Treated (2150 F) 22 Cr
Thickness =0.020 in.(a} >0.020 in.(@ (b} 22 Ni
Ultimate Strength, 125 125 125
Fi,» Min, ksi 14 W
Yield Strength, 55 55 55 .08 La
F,Min, ksi ”
Elongation 40 45 45 aynes
(2 in. or 4D) Alloy
Min, percent
Hardness, - — 302 (Bars); 293 (Rings) No. 188
Brinell, Min

(a) Tensile test specimens shall be taken with the axis perpendicular to the
direction of rolling from material 9 in. and over in width and with the axis
parallel to direction of rolling from material less than 9 in. wide.

(b) Specimens shall be taken in the longitudinal direction from bars, in the
circumferential direction from parent metal of flash welded rings, and from
forgings in locations as agreed upon by purchaser and vendor.

TABLE 3.011. AMS SPECIFIED MECHANICAL PROPERTIES (3,4)

Alloy Haynes Alloy No. 188

Form Sheet I Plate | Bar

Condition Solution Heat Treated — 2150 F

Thickness, in. 0.010-0.013 | 0.030-0.065 | 0.109-0.130 | 0.250 | 0.500-1.020

Ultimate Strength, 133 139 137 140 140
Fiy kst )

Yield Strength, 71 70 68 65 62
Fyy ksi

Elongation, 56 56 61 52 60
percent (in
1.125 or 2.0 in.)

Reduction in -— — - - 62
Area, percent

Tested at strain rate of 0.005 in./in./min to 0.6 percent offset and 0.500 in./min
crosshead velocity to failure.

TABLE 3.0212. TYPICAL MECHANICAL PROPERTIES AT ROOM TEMPERATURE
FOR VARIOUS MILL PRODUCTS (1,14)

Alloy Haynes Alloy No. 188

Form Sheet | All Weld Metal

Condition As Welded

Thickness, in. 0.060 ~ 10

Type of Electron Beam

Weld GTA (No Filler) Resistance GTA

Ultimate Strength, 124 133 132 117
¥ tur ksi

Yield Strength, 70 73 71 80
Fyyo ksi

Elongation, 31 46 a4 39
percent

Sheet was in annealed condition prior to welding and properties were: ultimate
strength, = 132.6, vield strength = 68.1, elongation = 65.0 percent.

TABLE 3.0213. TYPICAL MECHANICAL PROPERTIES AT ROOM

TEMPERATURE OF WELDED SHEET (1,16) CODE 4310

Page 19
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Co Alloy Haynes Alloy No. 188
Low C Form Sheet
22 Cr Condition Mill Annealed + Cold-Rolted*
22 Ni Amount of
14 w Cold Reduction,
reent 10 20 30 40 50
.08 La pe
Ultimate Strength | 158 | 190 | 212 | 235 | 246
Haynes Fyy ksi
Alloy Yield Strength, 130 | 186 | 210 | 216 | 220
No. 188 Fyy, ksi
Elongation, 43 12 9 6 4
percent

*Sheet thickness was 0.077 inch prior to cold rolling

TABLE 3.0214. EFFECT OF COLD ROLLING AT ROOM
TEMPERATURE ON THE MECHANICAL
PROPERTIES OF SHEET (1,8,11)

Haynes Alloy No. 188, Sheet — 0.063 inch
Before Rolling
260
Fry
- p/
Sg 220
5%
g
>
£
=%
(-3
e =
ZE 180
oW
.
E2
=>
>
140
@V = Cold Rolled + 1000 F, 4 hr Aged
D4 = As Cold Rolled
10C
N ~
E
o
[
o
-
5 20
H
£
2
w
o}
c 20 40 60

Amount of Cold Reduction, percent

FIGURE 3.0215. EFFECT OF COLD ROLLING FOL-
LOWED BY AGING ON THE MECHANI-
CAL PROPERTIES OF SHEET (14)

CODE 4310
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Elongation, percent

60

20
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Alloy Haynes Alloy No. 188 Co
Form Sheet Low C
Thickness, in. 0.043-0.065 22 Cr
Condition Solution Annealed + Exposure of 22 Ni
1000 Hr at Indicated Temperature 14 W
Exposure Temp, F | No Exposure | 1400 1500 1600 08 La
Ultimate Strength, 138 45 | 141 |13 -
Fiy» ks Haynes
Yield Strength, 69 74 71 66 Alloy
Fiy» ksi No. 188
Elongation 61 37 19 14
(in 2 in.),
percent
HRA — 64.7 63.7 65.0
Specimen axis was transverse to rolling direction.
Strain rate was 0.005 in./in./min to 0.6 percent offset followed
by a constant cross-head velocity of 0.5 in./min to failure.
TABLE 3.0216. EFFECT OF ELEVATED TEMPERATURE
EXPOSURE ON THE ROOM
TEMPERATURE MECHANICAL
PROPERTIES OF SHEET (14)
Haynes Alloy No. 188, 0.033 inch Sheet
Solution HT Candition, No Tensile Loads
Applied During Exposure
2500
2000 Profile |
s \
T T T T o
Haynes Alloy No. 188, Annealed Sheet L 1800 =
Aged at 1200—1600 F 2 Profile '\_L‘
i 1000 \
== Hastelloy X — 1400 F N E
[ —-—L-605 [Low Si) — 1600 F 2
\:— L-605 {High Si) — 1600 F 500
|
1200 F \
L — . % 0 20 30 40
{
\‘ \\¢ Haynes Alloy No. 188 Time, min
N 160 Thermal Profile for
! 1 1600 F.] ¢ Exposure/Cycle ‘
i A e TN ___.\'-'—-— - Fﬂ-l
e 4 | 4 e s 5 e o e e o ¢ o 53 |
&A.__.._.._ ——— b o 2 o o 3 5-I2° ~CH
200 400 600 800 1000 oo O ® Unexpased
Aging Time, hr s 0 A Exposed to Profile |
cEo B A Exposed to Profile ||
55 80 i
FIGURE 3.0217. EFFECT OF AGING ON ROOM TEM- ] .
PERATURE ELONGATION OF ak S Fry
HAYNES ALLOY NO. 188 VERSUS E2 e————— 160 ¢
HASTELLOY X AND L-605 {11) > ) ——————————— St
a(2in.) 3
40 50 =&
Tl
a0 ¥
1] 25 50
Exposure Cycles
FIGURE 3.0219. EFFECT OF THERMAL CYCLING AT
TWO THERMAL PROFILES (INSET) ON
ROOM TEMPERATURE PROPERTIES
OF EXPOSED SHEET (21)
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Co NONFERROUS ALLOYS PRINTED: DECEMBER 1986
Co Haynes Alloy No. 188
Low C Post-Exposure Room Temperature
Tensile Propertiest®)
22 Cr Exposure Conditions Ultimate Yield
27 Ni Temperature, | NaCl,, | Stress, Strength, | Strength, | Elongation,
14 W Fb) mg/em? | ksi Atmosphere Fi,. ksi Fig kisi percent Reference
08 La Unexposed 72 148 52 41
70 148 80 42
Haynes 1400 0 0 Air 77 141 43 41
Alloy 0.15 0 Air 73 132 26.3
No. 188 1.9 0 Air 76 125 16.5
2.4 0 Air 80 125 16
1800 0 0 Air 62 139 4“4 42
0 0.8 Air 58 132 48
150 0 Air 4 8 0.6
150 0.8 Air 33 36 0.6
150 0 Air(® — 10 0.5
150 1.9 Airlc) Broke During Exposure
150 1] Ar-1 percent
O 52 93 19
150 53 Ar-1 percent
0 Broke During Exposure
150 0 Argon 60 134 62
150 1.9 Argon 60 129 37
(a) Flat sheet tensile specimens, 0.015 (Ref. 41) or 0.020 (Ref. 42) in. thick. Materials initially annealed for
1 hr at 2150 or 2175 F.
(b} Exposed for 48 hr at indicated temperature.
(c) Preoxidized in air for 2 hr at 1720 F before sali coating.
TABLE 3.02110. EFFECTS OF SALT ON POST-EXPOSURE TENSILE PROPERTIES AT ROOM
TEMPERATURE (41,42)
Alloy Haynes Alloy No. 188
Form Plate
Thickness, in. 0.750
Conditien 2150 F, Water Quench + Exposure as Indicated
Expsosure Time, hr None | 100 100 500 ' 1000 | 100
Exposure Temp, F None | 1400 | 1600 | 1700 | 1700 | 1800
Impact Strength, ft-Ib
IE Charpy V
Longitudinal 145 - — 23 17 -
Transverse 140 39 35 26 17 31
Exposure (aging treatment) performed in vacuum.
TABLE 3.0231. IMPACT STRENGTH OF PLATE AT ROOM
TEMPERATURE IN THE SOLUTION TREATED
CONDITION AND AFTER ELEVATED
TEMPERATURE EXPOSURE (1,11)
CODE 4310
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PRINTED: DECEMBER 1986 NONFERROUS ALLOYS Co
B Haynes Alloy No. 188 Haynes Alloy No, 188 Co
Annealed 1 hr at 2100 F in Argon and Cooled Anneated 1 hr at 2100 F Before Aging,
Rapidly, Charpy V-Notch, ASTM E23-66, Charpy V-Notech, ASTM E23-66, Low C
Machined From 0.5-inch Plate 1700 [— Machined From 0.5-inch Plate - ] 22 Cr
Note: Impact energy unaged reported }) q ! .
here is low compared to Tables 1600 - E%agsa | 22 Ni
.0231 and 3.0331. oL
80 32’a“l w 1}2\/\ / \ 14 W
Q
2 -7 C‘1ZOOF 5 1500 —N—4— .08 La
= GOd == = } 4 2\
240 SRy 3 Alloy
y -.._-._‘_.E @ E 1300 75% No. 188
é 20 %ﬁ%__ 2
0 1650 F
o} To} 102 |03 |0‘ HIOO
Aging Time, hr 10° 10' 10? 0% 10*
Aging Time, hr
FIGURE 3.0232. EFFECTS OF AGING AT ELEVATED
TEMPERATURES ON NOTCH-IMPACT
FIGURE 3.0233. AGING TIME-TEMPERATURE CURVES
ENERGY AT ROOM TEMPERATURE (54} FOR 25, 50, AND 75 PERCENT REDUC-
TIONS IN NOTCH-IMPACT ENERGY
AT ROOM TEMPERATURE FOR
HAYNES ALLOY NO. 188 AND
L-605 {54}
Hayl:es Alfoy h:lo. 188, D.'DG3-inch Slheel
180 —— — ===
Haynes Alloy No. 188, 0.063-inch Sheet
\\ ,,
\\ ' Exposure, hr
I -0
150 —H O--0§ 3360 4—A 6244
g ‘\ ,' 8 I-layne‘s No. 188
‘ [ | O ,
s : 3 Ba
i 120 <5 150 .
= e /
] ]
¢ 5 120 l
-]
2 90 ) 90 !
S e 3 -
- == Age r )
E | l 5 30 _,;
& 80 ! o
Bend Specimen: 0.063 x 0.250 x 1.0 inch 800 1000 1200 1400 1600 (BOO 2000
Exposure Temperature, F
30
FIGURE 3.0242. EFFECT OF ELEVATED TEMPERA-
TWURE EXPOSURE ON BEND DUCTIL-
ITY OF HAYNES ALLOY NO. 188 AND
0 L-605 SHEET {6)
1000 1200 1400 1600 1800 2000
Aging Temperature, F
FIGURE 3.0241. BEND DUCTILITY OF AGED SHEET (6)
CODE 4310
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Co NONFERROUS ALLOYS PRINTED: DECEMBER 1986
Co Haynes Alloy No. 188, 0.063-inch Sheat Haynes Alloy No. 188,
Lo c 2884 hr at Exposure Temperature Plus 3 180-Degree (2T) Bend Test
w Reheat Treatment 12 . .
22 Cr 180 T Tests in Zone: [[[{{{]] Passed 180" Bend
. 2 777 Failed 180° Bend
22 Ni 'n‘ :E‘ 26 Max Ny Value for
14 W ..‘ E Optimum Ductility
120 Y 3
.08 La | E 25 —ana
Haynes - > ——
Allo g 5 24
Y '3 60 Reheat Treatment £
No. 188 = @--—@ 2150 F, 15 min, AC =
™ ®—=@ 2150 F, 15 min, AC + 100 br at w 23
N Exposure Temperature E.
B | @&-~--@® 2150 F, 15 min, AC + 500 hr at L =
3 - Exposure Temperature =] é 2.2 I
< 180 e “io 100 1000
H i T Exposure Time, hr
m .
120 7% ' FIGURE 3.0244. EFFECT OF AVERAGE ELECTRON-
Exposure ! VACANCY NUMBER (N,), DETER-
2884 hr at : MINED FROM CHEMICAL COMPOSI-
Indicated ! TEON, ON BEND DUCTILITY OF
60 |- Temperature — SHEET AFTER EXPOSURE AT
. 1600 F (6}
9"
-Q
800 1200 1600 2000 2400
Exposure Temperature, F
FIGURE 3.0243. EFFECT OF SUBSEQUENT RE-
SOLUTION HEAT TREATMENT AND
ADDITIONAL AGING (TOP GRAFPH)
ON BEND DUCTILITY OF SHEET PRE- . : -
VIOUSLY SUBJECTED TO ELEVATED Haynes Alloy No. 188, 0.068-inch Sheet
TEMPERATURE EXPOSURE (BOTTOM Mill Annealed
GRAPH} {6) 80
/ &
T0 /
co|— 4
L / | et €00 F
1
| ——t1— 1000 F
Haynes Alloy No. 188 50 // R 14;(:'0J F
Strain Rate/min — /
-— Z /
0.009 0.036 g 40
@
50 =
o
40 » 30
E a0 /A Strain Rate: |In Elastic Region, 0.005 in./
@ 20 in./min; After Yielding to ﬁ
o Fracture, 0.1 in./in/min
=20 / Head Speed
|
10 0
o] 0
0 0005 0010 0015 0020 0025 ) 0.002 0.004 Q006 0.008 0.010 0Q.0I2
Strain, in./in. Strain, in./in.
FIGURE 3.03111. STRESS:STRAIN CURVE AT 1600 ¥ (14) FIGURE 3.03112. TYPICAL STRESS-STRAIN CURVES
FOR SHEET TESTED IN THE LONGI-
TUDINAL DIRECTION AT ROOM
AND ELEVATED TEMPERATURES {29}
CODE 4310
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~ Haynes Alloy No. 188, 0.078-inch Sheet Co
80 Mill An:l(:‘aled Low C
/ T 22 Cr
70 22 Ni
14 w
.08 La
60 / H
L. aynes
/ / 600 F Al IOV
50 /:_IODOFI No. 188
" "1 1400 F
= /
;‘é’ 40
&
30
Strain Rate: In Elastic Region, 0.005 in./
20 in./min; After Yielding to
Fracture, 0.1 in./in./min
Head Speed
0

o 0002 0004 0.006 0008 0010 0012

Strain, in.fin.

FIGURE 3.03113. TYPICAL STRESS-STRAIN CURVES
FOR SHEET TESTED IN THE TRANS-
VERSE DIRECTION AT ROOM AND
ELEVATED TEMPERATURES (29)

HaVI:IeS Allo'y No. _1r88, Sol'ution Heat Treated
200
°
&5 160
X
a3 .
oz y
b .
T TN
== ]
£z
he 80
)
g% &\,_
o "~
E)’. 40 Fiy ._.L'
e
0
Code Form (Data Sourca)
O O A 0.030-0.130-in, Sheet {1,14}
@ B & 0.250-in. Plate; (1,14)
0.5—1.0-in. Bar (1,14)
o D’ 0.013—0.040-in. Sheet {17)
A 001 0.023-in. Sheet [21) A
120
E. 80
£E AB I
25
sa 40
I

o]
-400 0O 400 800 1200 1600 2000 2400
Test Temperature, F

FIGURE 3.0312. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF SHEET,

PLATE, AND BAR (1,14,17,21} CODE 4310
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Co NONFERROUS ALLOYS PRINTED: DECEMBER 1986

160 v T v T
Co Haynes Alloy No. 188, Annealed Sheet
Low C
22 Ol a0l
22 Ni e
14 W \k\
.08 La 120 Fru
Haynes
Alloy Z._
No. 188 3= 100
w
e
£ .
o€
g £ 80y
22 'y
£S o
=
5 € N2 \
Ry
Fry -13\\
L 7 L
200——o0 o 0.015-in. Thick (17) ™ 60
& A 0.078-in, Thick (29) Haynes Alloy No. 188, 0.015—0.0185-inch Sheet
-} 2 Mill Annealed at 2150 F
z 80 140 f—>
8 a <
g F—Temi| =& .
c 4 = Fiu
2 40 ® 120 .
L k-]
“ 5% 100
Q .
O 400 800 1200 1600 2000 33 ;
Test Temperaturs, F L
< 80
£
FIGURE 3.0313. EFFECT OF TEST TEMPERATURE ON g5
TENSILE PROPERTIES OF SHEET &k
TESTED IN THE LONGITUDINAL AND 3
TRANSVERSE DIRECTIONS (17,29} EE 60 ™.
=5
5 ™I
40 3
Data are Average of
12 Specimens From
20 — 3 Heats With Standard
Deviations s Indicated
i T
g 80
4 o ~ |
a
§ 40 T P~3
S
[~
s
w o]

4] 400 800 1200 1600 2000
Temperature, F

FIGURE 3.0314. EFFECT OF TEMPERATURE ON
AVERAGE TENSILE PROPERTIES OF
THIN SHEET TESTED IN THE LONGI-
TUDINAL AND TRANSVERSE

CODE 4310 DIRECTIONS (36}
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T ="\ T T Co
Haynes Alloy No. 188, 0.043—0.065-inch Sheet
Solution Annealed at 2150 F + Exposure Low C
Exposed
140 Temp, F Time, hr 22 Cr
¥ None - 22 Ni
O 1400 500
v 20 ™ ® 1400 1000 14 W
&3 ~ O 1500 500 0B La
5% Y\ @ 1500 1000
S ~ & 1600 500
% 00 ML A 1600 1000 Haynes
£s . Alloy
-]
&g No. 188
s 80
52 Fr
E.2
=> &
> 60
\\
\\ 4
40 == Fry
~ I~
80
£ 60 5F
5 ’\ e {2in.)
2 N 160 : r
5 a0 |@zzmEmzz > Haynes Alloy No. 188
£ 99797 #
o A 3120 ﬁ&
20 - - LA
< w ~
2 b2y
a My N
0 L 80 -
0 400 800 1400 1500 186C0 1700 '-g \
Test Temperature, F "
E \
= o Ny
FIGURE 3.0315. EFFECT OF TEST TEMPERATURE ON 5 40— Typical Data for Solution Annealed \*
TENSILE PROPERTIES OF SHEET 0.030 to 0.065-inch Sheet ™ \
AFTER EXPOSURE AT ELEVATED -0~ Aged 11,000 hr at 1500 F in o ‘1
TEMPERATURES (14} BOA'J' Vacuum, 0.052-inch Sheet =]
g &
z 60
t ~
=
\E‘\"mk*
E 40 Fty ET
a N a ]
T \
o
= 20 <
7y
£ 8o P [+ o ]
& =T ~A~ ~ ! ‘C\\
2 |~ b 878
£ 40 // s
5
(-]
g E,_____.._--c:/
w Q
0 400 800 1200 1600 2000

Temperature, F

FIGURE 3.0316. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF SHEET
AFTER LONG-TIME EXPOSURE AT
1500 F {55}

CCODE 4310
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Co NONFERRQOUS ALLOYS PRINTED: DECEMBER 1986

Co Haynes Alloy No. 188, Mill Annealed Sheet Haynes Alloy No. 188, Mill Annesled Sheet
Low C 0,077 inch Prior to CT!d Reduction | \ 0.077 inch Prior to Colld Reduction
22 Cr \‘\ 50 percent Cold Reduction 240 50 percent Co:i Reduction |
22 Ni 200 n >, =@ R
14 g w \ 40 percent o
.08 La
Haynes K] 200 \ =4 40 percent
Alloy  _ 160 3 \K.e
No. 188 ';‘_ \ ¥ 30 percent :_ A 30 percent
3 | £
w g ! b,
. 160
£ 20 percent < o
- R s o,
g 120 X /v g \"\_ —— 20 percent
a N £ T~a ‘
E \\s.lj § ~— \-'U'---G 10 percent
> L. 120 o] *
0= —0O 10 percent
80
0 percent
O\ 80
40 \O-—i_ 0 percent ] 60
i 0 400 800 1200
20 Test Temperature, F
0 400 800 1200

Test Temperature, F
FIGURE 3.0318. EFFECT OF TEST TEMPERATURE ON

THE ULTIMATE TENSILE STRENGTH
FIGURE 3.0317. EFFECT OF TEST TEMPERATURE ON OF COLD ROLLED SHEET (1,8,11)
YIELD STRENGTH OF COLD ROLLED
SHEET {1,8,11)

Haynes Alloy No. 188, Mill Annealed Sheet
0.077 inch Prior to Cold Reduction N y . N
| Haynes Alloy No. 188, 0.115-inch Sheet
B0 e 30 percent CR + 1000 F, 4 hr Age
270 Longitudinal Tests —_
0 percent Cald Reduction - \
55 [ ]
3%
E &0 L3710 percent L E
] - £ L 2101®
] V4 E.E
a n/ E o
. E c
5 s - @
= V4 =
E O~ / £3
£ 40 ~— o £E® Prior to 1000 F Age
= => IS0p— B Fy
2 =] ® Fyy
£ 4°
" & = 0.005/min Thru Fyy, Then ]
-] 0.5/min to Fracture ~
20 d . 20
v—/ 20 percent 5 E
L, I E’ ¢ 'y
———— - 30 percent € o e
eb. ——lr ‘—--6,40 percent 5 = L. Ly 3
o el Y — . J-so percent )
o] 400 800 1200 o] 400 800 1200
Test Temperature, F Test Temperature, F
FIGURE 3.0319. EFFECT OF TEST TEMPERATURE IN FIGURE 3.03110. EFFECT OF TEST TEMPERATURE ON
CODE 4310 THE TENSILE ELONGATION OF COLD TENSILE PROPERTIES OF 30 PER-
ROLLED SHEET (1,8,11) CENT COLD ROLLED AND AGED
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-l T T T T T T
3 Haynes Alloy l\llo. 188, 0.052—0.056-inch Sheet Haynes Alloy Na. 188, 0.078-inch Sheet Co
;% 40 - With 0.25-inch Gage Width Mill Annealed Low C
= Dissociation of NH3 Estimated at 60 percent
.:‘u' Total Gas Pressure 1 Atmosphere 60 22 Cr
€ 1 .
E"g, 30 9§ A Fru /__ RT 22 Ni
e r 50 \ » 600 F 14 W
o  — Xy 1000 F
E% Zol Fty \ (’1400 F .08 La
°53 > :I: 40 RT Haynes
x %: [ ——
o ¢ No. 188
St Eilongation £ 30
=g 8 Ticoo F
o g 40 ;. & 1200 F
L&
£ g‘ Reduction 20
5§ in Area
£ E, 20
28
3w 10
® 0
o 10 100 1000 0 Straianlate: 01.005 in.J:in.Imin “
Exposure Time, hr O 0.002 0004 0006 0008 0.0l0 0012
Strain, in.fin.
FIGURE 3.03111. TENSILE PROPERTIES OF HAYNES l | I ] | | |
ALLOY NO. 188 AT 1800 F AFTER
EXPOSURE TO PARTIALLY DIS- 0 6 12 I8 254 . 30 36
SOCIATED AMMONIA AT 1800 F {44) Tangent Modulus, 109 psi
FIGURE 3.03211. TYPICAL COMPRESSION STRESS-
STRAIN AND TANGENT MODULUS
CURVES FOR SHEET TESTED
Haynes Alloy No. 188, 0.078-inch Sheet LNTTRHOEOhORSéTgEéGQ#é’D"‘ECT'ON
80 Mili Aanealed TEMPERATURES {29)
\ /‘.T/
70 7<
RT
\ — 1000 F Y
50 <""'140C F
E] ——l__ 600F
g 40
5 K Haynes Alloy No. 188, 0.078-inch Sheet
? 1000 F 2 Mill Annealed
30 t E’ 80
1400 F Hl
& 70 =\
20 = O Longitudina!
f @ Transverse
> 60
2
10 8 .
Strain Rate: 0.005 in./in./min 3 ~—0 | —n
o) ) L 1 (&3 40 S
C 0002 0004 0006 0008 000 0.012 o) 400 800 1200 1600
Strain, inJin, Test Temperature, F
L | Jd 1 J | ]
° 6 12 18 2: . %0 36 FIGURE 3.03213. EFFECT OF TEST TEMPERATURE
Tangent Madulus, 10° psi ON THE COMPRESSIVE YIELD

STRENGTH OF SHEET TESTED IN
THE LONGITUDINAL AND TRANS-
FIGURE 3.03212. TYPICAL COMPRESSION STRESS-
STRAIN AND TANGENT MODULUS VERSE DIRECTIONS (29)
CURVES FOR SHEET TESTED IN
THE TRANSVERSE DIRECTION AT

ROOM AND ELEVATED TEMPERA-
TURES (29) CODE 4310
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Co NONFERROUS ALLOYS PRINTED: DECEMBER 1986

Co Alloy Hayvnes Alloy No, 188 Haynes Alloy No. 188
low C Form 0.750-in. Piate Annealed 1 hr a1 2100 F Before Aging
— - - Charpy V-Notch, ASTM E23-66
Condition Soelution Annealed at 2150 F. WQ 4 "
Mach F .5-inch
29 Cl-' Tmpact Strength. ftlb— 140 achined From 0.5-inch Plate
fi \?l\lI Test T IEICharp_v '\; 120 ,/‘\
t . F itudi
est Temp Longitudina ransverse : - F X 1200 F
.08 La -300 u7 115 - \
Havnes -270 120 - 2 100 ﬁ.@\e_\
ay -220 - 12 & ke \ o
Alloy ~150 134 127 3 80 ~SR. @
No. 188 Room 145 140 ] \\
600 101 — E €0 ~ [m]
1000 108 126 g8 A& 1290 F
1300 126 87 g
1500 104 - = 40 \ Y
TABLE 3.0331. EFFECT OF TEST TEMPERATURE ON 20 ~] 1470 F
IMPACT STRENGTH OF PLATE (1) 1650 F
0
0 to! 102 103 104
Aging Time, hr
FIGURE 3.0332. EFFECTS OF AGING ON ELEVATED
TEMPERATURES ON NOTCH-IMPACT
ENERGY AT S70 F (54)
1000 T " " ' v T 100
Haynes Alloy No. 188 Haynes Alloy No. 188, Solution Anncaled, 2150 F
Pre-Braze Ultimate 700 Average Data for 0.030—0.080-inch Sheer 170
Temperature, Cleaning Shear Failure 500 ! | | 50
F Procedure!® | Strength, ksi® | Location 100-hr Sfreﬂsth
70 A 14.55 Braze Joint 300 30
14.85 Braze Joint
14.23 Braze Joint - Rupture
B 13.04 Braze Joint /
13.77 Braze Joint _ oo 5% 0 _
14.42 Braze Joint ¥ 10 I 7 2
C 12.86 Braze Joint £ 50 0.2% w-h\ \\ 1.0% 5 £
13.27 Braze Joint 2 N g
16.77 Braze Joint 4 \\\\\\ 2
v 30 —— 1000-hr Strength ] 3 w
1800 A 7.3a Base Metal s | ~N \ ~NT s
7.09 Base Metal 5 |- 1.0% I
7.32 Base Metal g g
B 7.32 Braze Joint g 1o — o Rupture NN, 7
7.12 Braze Joint N
7.48 Base Metal 7 .\\\\~\ < o7
c 7.37 Base Metal 5 I NN 0.5
7.08 Braze Joint N ‘ \
7.05 Base Metal 0.2% — ™\ k N
3 AN ~ \ 03
NN
Brazed with AMS 4782 (Nicrobraze 30) in vacuum for 10 min 0.5% ‘\\
at 2150 to 2175 F.
0.1
(a) A—acetone cleaned; B—chemicailly cleaned; C—chemically 1400 1600 1800 2000
milled and chemically cleaned. Temperature, F
(b) Based on overlap braze area about l-in. wide and 0.1-in.
long. Base alloy sheet thickness was 0.020 inch. FIGURE 3.041. CREEP STRAIN AND CREEP-

RUPTURE CURVES FOR 100- AND
1000-HOUR LIFE OF SHEET AT

TABLE 3.0351. LAP-SHEAR STRENGTH QF BRAZED
1400 TO 2000 F (11,13}

JOINTS (56,57

CODE 4310
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NONFERROUS ALLOYS

Co

Haynes Alloy No. 188, Solution Annealed, 2150 F Haynes Alioy No. 188, Solution Annealed, 2150 F Co
0.030—0.080 inch Sheet
{ ) Average Rupture Elongation for 100 - low C
0.030—0.069-inch Sheet {25} &0 o Data From 4 Mill Heats 22 c
A Pratt and Whitney Data on a2 r
0.040-inch Sheet (17) % @ i
@ Stellite Data on 0.030—0.080 2 50 b 2] aoor | 122 N
inch Sheet (1,11,25) g | So0es ra 4 W
100 : 19 [gno rEqee .08 La
6 F>>1_ 1600 F
50 1Ry o Haynes
2
- | 2000 F Alloy
w
= | i0 00 1000 lopoo 'No- 188
g 10 Ruptura Life, hr
]
FIGURE 3.043. CREEP-RUPTURE CURVES AT 1400 TO
2000 F FOR SHEET TESTED IN LONGI-
TUDINAL AND TRANSVERSE
DIRECTIONS {19)
|
| 100 1,000 10,000
Rupture, hr
FIGURE 3.042. CREEP-RUPTURE CURVES AT 1300 TO
2000 F FOR SOLUTION HEAT TREATED
SHEET {1,11,17,25)
Alloy Haynes Alloy No. 188
Form Sheet - 20 Heats
Condition Solution Annealed, 2150 F
Test Temp, F 1500 | 1500 | 1700 | 1900 | 2000
Stress, ksi 25.0 | 240 | 13.0 4.5 3.2
Number of Tests 76 55 67 55 73
Avg Life, hr 45 61 26 « 2t
TABLE 3.044. AVERAGE CREEP RUFTURE LIFE AT 1500
TO 2000 F OF 20 PRODUCTION HEATS OF
SHEET BASED ON SHORT-TIME QUALITY
CONTROL TESTS (19)
1.0 Haynes Alloy No. 188, 0.013—0.250 inch Sheet
Solution Annealed, 2150 F
¢ ASTM 4.5 to 6.5 Grain Size Range
£ 04 l I
?3 0.2 |- ¥ O Average Lite "Weyoo
2 ) r— Scatter Band 4" d'
£ 0l 7
'—
H
E H
'Cnl 3.2 ksi— 2000 F i d 24 ksi — 1500 F
002 7 y
0.01 wl
T 10 100 1000
Rupture Life, hr
FIGURE 3.045. EFFECT OF SHEET THICKNESS ON
RUPTURE LIFE AT 1500 AND
2000 F (14}
CODE 4310
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Co

NONFERROUS ALLOYS

Co
Low
22
22
14

Cr

Ni

w

.08 La
Haynes
Alloy

No. 188

Strass, ksi

1000-Hour Rupture Strength, ksi

100

50
30

T T
Haynes Alloy No. 188, Sheet
|__All Alloys in Selution Heat Treated Condition _|

~

I 100-hr Strength
|

© Measured Values

B Extrapolated From
Short-Time Quality
Contro! Data (Tests
Less 'I'lhan 65 hr)

L-605

Ha!'/nes Al
No.

oy

188

ﬁ
D

L-605

SR
Hmelm

-~
~
~
~

1000-hr Strength

No. 188

Ny
| Haynes AIonA(T
]

~

1400

1600

Temperature, F

1800

50

130

2000

FIGURE 3.046. COMPARISON OF 100- AND 100C-HOUR

CREEP-RUPTURE LIFE OF HAYNES
ALLOY NO. 188 SHEET AT 1400 TO

2000 F WITH L-605 AND HASTELLOY X
SHEET (19)

a—ot
| lrdf
N
v_

Haynes Afloy No. 188, Mill Annealed, 2150 F
0.015—0.0185-inch Sheet
Data From 3 Mill Heats
Longitudinal and Transverse Tests

D0
il
/
27

m 1400 F

BAuE

1200 F

|
1600 F

v
1800 F

1
0.0001

0.001

0.0

0.1 |

Minimum Creep Rate, percent/hr

FIGURE 3.048. EFFECT OF STRESS AND TEMPERA-
TURE ON MINIMUM CREEP RATE OF
THIN SHEET (36}

CODE 4310

Page 32

100-Hour Rupture Strength, ksi

Stress for 10-3 Percent/hr Minimum Creep Rate, ksi
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mynes :Qllo;r No. 18'8, S;ﬂution Anne‘aled, 215'0
5 0.030--0.080-inch Sheet -
Data From 4 Mill I-Iviuats
1400 F
30
@
x
< e
& 5
—_
31GUDF$:5:,._ A
11800 F |
I
0.0001 0.00! Q. 0.1 l

Minimum Creep Rate, percent/hr

FIGURE 3.047. EFFECT OF STRESS AND TEMPERA-
TURE ON MINIMUM CREEP RATE OF
SHEET (19}

Haynes Alloy No. 188, Sheet
Both Alloys in Solution Heat Treated Condition 30 -
X
3
\\ 102 percent/hr =
\ Haynes Alloy o g
Hastelloy X d No. 188 7 "é
\\ ] 5 E
=
30 ™ \\ 3 E
S \ £
1 E
B
$0"3 percant/hr g
10 \\\ T
\ \ s
7 = =
5 — |oy\x‘ \\ Haynes Alloy =
No. 188 b
3 \ e g
\ &
|
1400 1600 1BOO 2000

Temperature, F

FIGURE 3.049. COMPARISON OF MINIMUM CREEP
RATE STRESSES OF HAYNES ALLOY
NO. 188 SHEET AT 1400 TO 1800 F
WITH HASTELLOY X SHEET {19)
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Stress, ksi

Haynes Alloy No. 188, 0.030—0.050-inch Sheet
Solution Annealed, 2150 F
Longitudinal and Transverse Tests
50 L L
10 |_3400 F.
1600 F E
10
5 1800 F [~
3 o %
2000 F
| L %
0.l l 10 100 1000

Time for 0.5 Percent Plastic Creep, hr

FIGURE 3.0410. STRESS VERSUS 0.5 PERCENT CREEP

100

Stross, ksi

I0°

CURVES FOR SHEET AT 1400 TO
2000 F {19}

Haynes Alloy No. 188, 0.015—0.0185-inch Sheet
Mill Annealed at 2150 F

—— 0.5 percent Strain
- == 1.0 percent Strain -4
"-=-=-.-.-__=--\-\\Data From 3 Mill Heats
— ﬁ

-4 1200 F
ot M
iy e 1400 F

-—

St 1600 F

—<~~[1s00F

1 to? 103
Time to Reach Indicated Creep Strain, hr

To)

FIGURE 3.0412. AVERAGE CREEP-STRAIN CURVES

AT 1200 TO 1800 F FOR THIN SHEET

TESTED IN LONGITUDINAL AND
TRANSVERSE DIRECTIONS (36)

NONFERROUS ALLOYS

Co

Haynes Altoy No. 188, 0.030—0.080-inch Sheet Co
| Solution Annealed, 2150 F _
50 | Low C
30 %% 140|0 " 22 Cr
%E %% 22 Ni
2 o Bz St oo N 4 W
a
- .08 La
E s “‘5@?%4___‘&/@ 1600 F_]
e Haynes
3 1800 F- Aanoy
2000 F No. 188
|
| ¢ 100 1000
Time for 1.0 Percant Plastic Creep, hr
FIGURE 3.0411. STRESS VERSUS 1.0 PERCENT CREEP
CURVES FOR SHEET AT 1400 TO
2000 F (19)
Haynes Alloy No. 188, Sheet
|_Both Alloys in Solution Heat Treated Condition ] 10
E
~ 100-hr Strength £
\\\\ | o g
- Haynes Alioy 2
2 r—F>< No.188 ~—5 ¢
£ Hastelloy X ™ . \ [x]
1) ! 3 &
5 \ N g
& N &
g ~ )\woom Strength ‘»\\ °
S 10~ < oI
§ 7 o N N—Jor 2
55 X ‘ AN DS
; \\ \ Haynes Alloy| ] = ™
: \No. 188
C3 < f 0.3
2
Y
£ Hastelloy X N
8 T N
S | \A_ | N
1400 1600 1800 2000
Temperature, F
FIGURE 3.0413. COMPARISON OF 100- AND 1000-
HOUR 0.5 PERCENT CREEP
STRENGTH OF HAYNES ALLOY
NO. 188 SHEET AT 1400 TO 2000 F
WITH HASTELLOY X SHEET (19)
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Co
Co Haynes Alioy No. 188, 0.078-inch Sheet
Low C Mill Annealed {55)
O 0.2 percent Strain
22 Cr & 0.5 parcent Strain -
Ni Q 1.0 percent Strain
22 400 7 Rupture
14 w { le(2in.), Rupture
08 La| _ & ewor | Ql)_ |
[
= —— . (207
Haynes 1200 F =% 2
Alloy E 40 38
]
No. 188 =—g= [y (36) (16)
ic 1600 F ]
4 |
0.l | 10 100 1000
Time, hr
FIGURE 3.0414. CREEP-STRAIN AND CREEP-RUPTURE
CURVES FOR SHEET AT 800 TO
1600 F TESTED IN THE TRANSVERSE
DIRECTION (29)
Haynes Alloy No. 188, Mill Annealed, 2150 F
Prestrained in Tension at Room Temperature
as Indicated, Creep Tests Canducted in
Vacuum at Pressure of 1 Torr, 0.020-inch Sheet,
Grain Size ASTM 7
1600 F 1BOOF
Annealed ® @)
Prestrained 5 parcent . 8]
Prestrained 10 percent A A
Prestrained 15 percent v v
20
Zs <
: R
-]
w
2 [ 1 3
02 10" 10° 1 102 10 104
Time to Reach 0.5 Percent Creep Strain, hr
FIGURE 3.0417. EFFECT OF PRESTRAINING AT ROOM
TEMPERATURE ON 0.5 PERCENT
CREEP STRAIN CURVES AT 1600
AND 1800 F (59)
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Haynes Alloy No. 188
Average Time to Indicated
Grain Creep Strain, hr
Size 0.5 percent | 1.0 percent
ASTM 2-4 2.8 62.2
ASTM 5-6 19.0 4.3
ASTM 6-6% 19.1 42.8
ASTM 7-8 8.1 16.0

TABLE 3.0415. EFFECT OF GRAIN SIZE ON CREEP LIFE

OF 15-MIL SHEET AT 1700 F AND 6 KSI
(36,58)

Haynes Alloy No. 188, 0.015—0.0185-inch Sheet

Baseline Sheet — Mitl Annealed at 2150 F, Grain
Size ASTM 6—6-1/2

TMP Sheet — Cold Rolled 80 percent + Annealed
10 min at 2250 F, Grain Size ASTM 4-5-1/2

Average Data From 3 Mill Heats

Y

100 300 hr 1000 hr _
&80 (o] [ ] Baseline Sheet ]

A a A TMP Sheet
40

20 =
\
\ \

-y

R
4 >

BN

2 ~

Craop Strength, ksi
o
/

|
1200 1400 1600 18G0O
Temperature, F

FIGURE 3.0418. EFFECT OF THERMAL-MECHANICAL
PROCESSING ON 0.5 PERCENT CREEP
STRENGTH OF THIN SHEET AT 1200
TO 1800 F (36)
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Haynes Alloy No, 188(a) Co
NaCl, Test Creep Rate, | Rupture | Elongation, Low C
mg/cm? Atmosphere percent/hr Life, hr percent 29 Cr
0 Air ~ .04 136 29 .
150 Argon 0.058 83.5 9.7 22 Ni
150 | Ar-1 percent O 0.058 247 43 14 w
150 Air 1.0 2.2 4.0 .08 La
{a) Flat sheet specimens, 0.020 in. thick. Specimens were annealed 1 Haynes
hr at 2175 F before coating with salt. Alloy
\ No. 188
TABLE 3.0419. EFFECTS OF SALT AND TEST ATMOSPHERE ON
CREEP-RUPTURE PROPERTIES AT 1800 F AND
5,25 KSI (42)
180 " T "
Haynes Alloy No. 188 Haynes Alloy No. 188, 0.078-inch Sheet
Selution Heat Treated, 2150 F, 30 min, RAC Mill Annaaled
@® = Haynes 188 = b
O = Haynes 188 (Welded) = |401 RT R=0.1
A = Hastelloy X g ——
.. 80 T T & 1000 F ™~ | T
g A=10 . 100 =
" General Electric Data E \AK
E 0t
£ 40 Haynes Afloy FE ——]
- No.188  I~@ ) | e £ 0 oor O
s o | Oot— D I
E 20
® | | s op-
g Hastelloy X iy Ty 20
o AT = 103 104 0% ol 107
Told 10" 102 103 104 Cycles to Failure
Cycles to Failure
FIGURE 3.052. AXIAL-LOAD FATIGUE STRENGTH OF
UNNOTCHED SHEET AT ROOM AND
FIGURE 3.051. LOW CYCLE FATIGUE DATA AT 1700 F ELEVATED TEMPERATURES TESTED
FOR HAYNESALLOY NO. 188, IN THE TRANSVERSE DIRECTION {29)
HASTELLOY X AND GTA-WELDED
HAYNES ALLOY NO. 188 (20)
Haynes Alloy No. 188, 0.025-inch Sheet
Frequency = 5 cps
200 — R=0.1 —
Haynes Alloy No. 188, 0.078-inch Sheet Mill Annealed
140 Mitl Annealed B — = 150
= T R=0.1 =
g =0. 1 F
';. o K¢=3.0 g 'gg ~ i S 70
8 100 | b Vo F
= A O RT E 60 m\c 1200
‘g 8 1000 F z O] 1400 F
5 1000|=\D\‘a 1400 F £ o
x 40 —O =)
£ Y &QO_\ k A g T 1600 F
= 1800 F | ] %’? \0\
20 20 1800 F
103 104 10° 108 107 10? 103 0* 10°
Cycles to Failure Cycles to Failure
FIGURE 3.053. AXIAL-LOAD FATIGUE STRENGTH OF FIGURE 3.054. AXIAL-LOAD FATIGUE STRENGTH OF
NOTCHED SHEET AT ROOM AND ELE- UNNOTCHED THIN SHEET AT ROOM
" VATED TEMPERATURES TESTED IN AND ELEVATED TEMPERATURES
THE TRANSVERSE DIRECTION (29) TESTED IN THE LONGITUDINAL
DIRECTION (60}
CODE 4310
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Co
Co Haynes Alloy No, 188, 0.75-inch Plate
L C Compact Tension Specimens, Precracked
ow at Room Temperature
22 Cr R~0.7
22 Ni _,0.5” Diam
4w E .3
iy 2
.08 La = %o.oszs 1.0625" l
Pl SR S
Haynes 10~3 |~
Atloy
No. 188
=
[~
a 4
E 10=% —
&
=
4
£
H
&
x 108
g
L&
Sinusoidal Wave Form _—_g :2;:5
With Minimum Load -0 0.1¢ps
of 500 b -7 0.01 cps
10-% I i ] I
25 30 40 50 60 80 100
Stress Intensity Facter Range, AK, ksi +/in.
{a) 1110F
FIGURE 3.056. FATIGUE CRACK GROWTH RATES AT
1110 TO 1600 F {49)
Haynes Alloy No. 188
d
103
: /
3 /
£
g0 —
< /
£ O
° o
§ -5 Vi i
G 10 4
/ C10eps
A 1eps
00.1¢cps
1078
25 30 40 50 &0 80 100
Stress Intensity Factor Range, AK, ksi+/in.
{c} 1600 F
FIGURE 3.056. FATIGUE CRACK GROWTH RATES AT
1110 TO 1600 F (49)
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107* T T——
Haynes Alloy No. 188

10-3 4 /O

- AT
/

Crack Growth Rats, in./cycle

o8
O 10cps
A 1cps
0 0.1 cps
V 0.01 cps
to-%
25 30 40 50 60 80 100
Stress Intensity Factor Range, AK, ksi \/in.
(b} 1400 F

FIGURE 3.056. FATIGUE CRACK GROWTH RATES AT
1110 TO 1600 F (49)

Haynes Alloy No. 188
{See Figure 3.056 for Description of Test

10-3}—  Specimen and Testing Procedure) T._
‘!400|F
1600 F 6.0
m=5.5
s a rT
10-4 m=6.6 _]
] / f
4
-
L
£ ;f
g
T 10-5
£
Ed
2
[~
-
£
o
10-¢
10-7

25 30 40 50 60 80 100
Stress Intensity Factor Range, AK, ksi+/in.

FIGURE 3.057. FATIGUE CRACK-GROWTH RATES AT
A FREQUENCY OF 10 CPS AT ROOM
TEMPERATURE AND ELEVATED
TEMPERATURES (49)
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1o-3

10-4

10-3

Crack Growth Rate, in./cycls

10-¢

0.

Haynes Alloy No, 188
{See Figure 3.056 for Description of Fatigue
Test Specimens and Test Procedure)

Entergranular
/

1400 F

\ Tnm F
\
v Transgranular
da 1) st 1110 F
(ai) creep * (T
aK = 50 ksi \/in. --O--RT
Q01 0.01 Q.1 1 10

Frequency, cycle/sec

FIGURE 3.058. FREQUENCY AND TEMPERATURE

DEPENDENCE OF FATIGUE AND
CREEP CRACK-GROWTH RATES {49}

Haynes Alloy No. 188, Wrought Bar Stock
Annealed 30 min, 2150 F, AC
R = -1, Mean Strain= 0
Frequency = 0.05 to 0.08 cps

i 1.75” Rad 4 0.211" Diam
giam 1]
Diam
} o100~ | T |=oa37~ |
- 4.00” —]

Dimensions Shown are for Solid Specimens;
Hollow Specimens Were Similar
.

P

NSNS
~

Strain Range, percant
o]
'S

Hollow Specimens,
Internally Pressurized
O, ® Total Strain Range
[~ &, & Plastic Strain Range
Open Symbols ~ 5000 psi He

Filled Symbols — 5000 psi Hp

Ql

o2

FIGURE 3.0511.

{o14 104

Cycles to Failure
(a} Room Taemperature
EFFECTS OF HIGH PRESSURE HYDRO-

GEN ON LOW CYCLE FATIGUE LIFE
OF HAYNES ALLOY NO. 188 {45,50)

NONFERROUS ALLOYS

Co
Haynes Alloy No. 188 Co
2 {See Figure 3.056 for Dascription of Fatigue
10 Test Specimens and Test Procedure) Low C
Creep Specimens had 0.25-inch Diameter by 22 Cr
2-inch Long Gage Section .
22 Ni
14 w
.08 La
10-3 t
O M0 eps Haynes
H & 1cps
& G 0.1 cps Alloy
£ Vv 0.01 cps
o ® Creep No. 188
"
[+ <
£ 1074 A d
: £
2
[V
-
: #|
(£
/
(o /GH "4
qu
y,A
|o—5 ﬂ //
4 %107
25 30 40 50 60 80 100
Stress Intensity Factor Range, AK, ksi~/in.
FIGURE 3.059. CRACK GROWTH PER SECOND AT
1110 F UNDER STEADY STATE CREEP
AND UNDER CYCLIC LOADING AT
VARIOUS FREQUENCIES {49)
4 T T T
Haynes Alloy No. 188
e J -
£ hatin®.
E Y
g i
o ‘\\h
= 0,6 g
g aN 4
< 04
s A
@ b
0.2 Solid Speci H n
Tasted in
Pressurized Chember
Q.l Lol
102 103 104
Cycles to Failure
{b) 1250 F
FIGURE 3.0511. EFFECTS OF HIGH PRESSURE HYDRO-
GEN ON LOWCYCLE FATIGUE LIFE
OF HAYNES ALLOY NO. 188 {45,50)
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Co

Co

Low C
22 Cr
22 Ni
14 w
.08 La

Haynes
Alioy
No. 188
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Paissen’s Ratio

Haynes Alloy No. 188
Tubular Specimens Internally Pressurized
R Ranged From 0 to 0.11
Sawtooth Cycle, Frequency 0.5 cps
2 |__ Failure Defined as 40 percent Load Decrease _|
- ~
£ (o)
g ‘%"-\N
a I
o | o
o
s 08
i 0.6 | O 700 psi Argon
® A 700 psi TNH3-33N2-60H2>
@ a1 11 |
40 60 100 200 400 600

NONFERROUS ALLOYS

Cycles to Failure

1000

FIGURE 3.0512. EFFECTS OF HYDRAZINE DECOMPO-
SITION PRODUCTS ON LOWCYCLE

COMPRESSIVE FATIGUE AT
1450 F (45)

0.36

0.34

o
w
n

Haynes Alloy No. 188

S 1

/‘

/

o1

Lo

o

o

400

800 1200
Temperature, F

1600

FIGURE 3.061. POISSON'S RAT!O (48}

2000
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Haynes Alloy No. 188, Wrought Round Bar
Aonnealed 2150 F, 30 min, AC
Tested in 500 psig Dissociated Hydrazine
Frequency = 20 cps, R = 0.1

05" _ 10"R
Diam 1

90 -

BS{D\ Tl:imn" —

0.18” Diam

Maximum Strass, ksi
w
Q

162 0% 10+ 0%
Cycles to Failure

FIGURE 3.0513. HIGH CYCLE FATIGUE STRENGTH OF
HAYNES ALLOY NO. 188 AT 1250 F
IN HYDRAZINE (46}
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] Haynes Alloy No. 188 Co
@ E Dynamic {1,14) Lew C
40 O A A E Static-Tension {21,29) 29 C
O @ E Static-Compression (29) r
O Annealed 22 N
2 36 dal 14 W
‘:’e -\Sttatnc-Tensuon 08 La
. vy
£ 32 Da Haynes
= Static
§ Compression ._E}_‘ Alloy
w
- 28 h No. 188
s
2 Dynamic
Sl ¢ :
O A O Longitudinal
A B Transverse \
20 1 |
-400 0 400 800 1200 18CO 2000
Test Temperature, F
FIGURE 3.062. MODULUS OF ELASTICITY (1,14,21,29}
Haynes Alloy No. 188, 0.010—0.035-inch Sheet,
Annealed 10 min at 2150 F After Various Cold
Reductions, Crack Length Plotted is Average
20 I~ of Observations After GTA Spot Welding and |
Straining Over Radii of 1.75, 2.5, and 4 inches
s | o
Heat A
0% S
20 &\
z — o0 \k ‘O}— HeatB |
£ 0 O
) ~ o
H
2 2C
-
: o N —
o
o, \%—-0—_0_c Heat €
e & ~
& 20 [
5 N
4 0 —
b\c_d_ Heat D
G:J =]
20
Heat E
0 ' M |
o] 4 8 12 15 20
Shest Thickness to Grain Diameter Ratio
FIGURE 4.036. EFFECT OF SHEET THICKNESS TO
GRAIN DIAMETER RATIO ON HOT
CRACK SENSITIVITY OF GTA-WELDED
THIN GAGE ALLOY FROM FIVE
HEATS (51}
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Co

Co
Low C
22 Cr
22 Ni
14 w
.08 La

Haynes
Alloy
No. 188

NONFERROUS ALLOYS

R

Hayrnes Allo;f No. 188, Solution Anna'aled
140 p— Prior to Welding, 0.060-inch Sheet -—
o ...4
\\
120 3\&. <
A Y
\ \
O
E‘E 100 Y
3% N\
hall-2)
W
£5 80 e A\
- v \
-
£5 B\F,
25 60 Y
£
EZ2
= \
5 o -
Q Not Waelded
® As Welded A
20 ——1{All Specimens Failed W
in tha Weld)
] 2
100
c o — T O T -Q
SE o1 \
58 60
o2 e
H
w /L‘j
20
o] 400 B800 1200 1600 2000 2400

Test Temperature, F

FIGURE 4.039. EFFECT OF TEST TEMPERATURE ON
TENSILE PROPERTIES OF GTA-
WELDED SHEET (1,16}

Alloy Haynes Alloy No. 188
Form Sheet
Thickness, in. 0.060
Solution Annealed + | Solution Annealed —

Condition GTA-Welded Unwelded
Rupture Life, hr 94.4 61*

at 1500 F - 24 ksi (28) (36)**
Rupture Life, hr 28.5 21+

at 2000 F - 3,2 ksi N 2]
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( ) denotes elongation values.
* Typical—taken from Larson-Miller Parameter curve.
** Typical elongation.

TABLE 4.0310. RUPTURE LIFE OF GTA-WELDED SHEET (1,16)
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