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1 General
AZ91 is a magnesium-aluminum-zinc casting alloy
that provides an excellent combination of castability
and mechanical and physical properties for use at

temperatures up to about 300-350F. It is produced in
three alloy variations, A, B,and D, for die castings and
in two alloy variations, C and E, for sand, permanent-
mold,and investment castings. The Dand E variations
specify lower impurity limits,particularly iron,nickel,
and copper,which result ingreatly improvedcorrosion
resistance with littleeffect on mechanical properties.
Consequently, the D and Evariations are generally
preferred for aerospace applications. The less pure
variations, A, B, and C,which are less expensive, may
be used inapplications where corrosion resistance is
not an important consideration. Die castings are usu¬
ally used inthe as-cast condition, whereas sand,
permanent-mold,and investment castings are normally
age-hardened. Primarily in its purer (more corrosion-
resistant) variations, the alloy has present and potential
aerospace applications ingearbox cases, transmission
and engine compressor housings,under-carriage
wheels, and cockpit canopy frames (Refs. 11,19,20, 21).

1.1 Commercial Designations
AZ91 (A, B,C,D,or E).

1.2 Alternate Designations
UNSNumbers:M11910 (AZ91A), M11912 (AZ91B),
M11914 (AZ91C), M11916 (AZ91D), M11919 (AZ91E)
(Ref. 11).

1.3 Specifications
1.3.1 [Table] Specifications.

1.4 Composition
1.4.1 [Table] Composition.

1.5 Heat Treatment (Refs. 10, 17, 23)

The conditions of heat treatment for A291, as well as
of other magnesium casting alloys, are designated as
follows: F (as-cast), T5 (artificially aged), T4 (solution

heat treated), and T6 (age hardened after solution
treatment). The alloy designation AZ91D-F, for
example, is indicativeof die-cast Dalloy variation in
the F(as-cast) condition, which is normal for die cast¬

ings; whereas the designation AZ91E-T6 indicates
sand, permanent-mold,or investment casting Ealloy
variation inthe T6 (age-hardened) condition.

1.5.1 Condition T5,artificial aging: age as-cast (F) material
at 335F for 16 hours or, alternatively, at 420F for 4
hours, air cool.

1.5.2 Condition T4, solution heat treatment: soak at 775F
for 18 hours, fast fan cool to room temperature; alter¬
natively, to minimize grain growth, soak at 775F 6
hours plus 665F 2 hours plus 775F 10hours, fast fan
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cool to room temperature. To pre¬
vent possible eutectic melting and
its adverse effectson properties, it is.
suggested that the castings be
loaded into the furnace at 500F and
brought to the soaking temperature
over about a 2-hour period at a
uniform rate of heating.

1.5.3 Condition T6, age hardening after solution treatment:
soak at 335F for 18 hours, or alternatively at 420F for
5-6 hours,air cool.

The suggested holding times at the various heat treat¬
ing temperatures are adequate for section thicknesses
up to at least 2 in. Longer times may be required for
castings with thicker sections.

1.5.4 Furnaces used for heat treating magnesium alloys are
usually the air-chamber type and may be electrically
heated or oil- or gas-fired. Since magnesium castings
are subject to excessive surface oxidation at tempera¬
tures of 750F and above, a protective atmosphere
containing a minimumof 0.5 percent sulfur dioxide
or 3 percent carbon dioxide is recommended for the
solution treatment. Inert gases, which are more expen¬
sive, may also be used.

If the temperature during solution treatment accident¬
ally exceeds the specified levelby an appreciable
amount, the castings may igniteand burn,although
sulfur-dioxide or carbon-dioxide atmospheres have
an inhibitingeffect. Once magnesium alloys start to
bum,however, the sulfur dioxide or carbon dioxide
supplies oxygen to the fire. A magnesium fire ina
gas-tight furnace can be extinguished by the introduc¬
tion of boron trifluoride gas through a small opening.

1.6 Hardness

1.6.1 [Table] Hardness for various heat-treated conditions at

room temperature.

1.7 Forms and Conditions Available
Alloy variations A, B,and D are available inthe form
of die castings, which are used primarily inCondition
F(as-cast). The other alloy variations, C and E,are
available as sand, permanent-mold, and investment
castings; they may be heat treated to ConditionT4,
T5, or T6, but probably are most often used in the T6
Condition (fully solution-treated and aged).

1.8 Meltingand CastingPractice (see AM100A,
Code 3410, Section 1.08;see also Section 1.9, first
paragraph)

1.9 Special Considerations
For optimum mechanical properties, fine grain size
is necessary inAZ91 castings, as well as inother
magnesium-alloy castings. Duringmeltingoperations,
grain refinement can beeffected either bya controlled
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superheat or by carbon inoculation, insuperheating,
the melt is heated to 1650-1700F, held for about 15 min¬
utes, cooled to the pouring temperature fairly rapidly
by removing the crucible from the furnace, and then
poured.Carbon inoculation involves the plungingof
organic compounds such as hexachloroethane or
hexachlorobenzene into the melt,although other car¬
bonaceous materials, such as lampblack, may also be
used. Since the organic compounds releasechlorine,
they function as degasere as well as grain refiners
(Refs. 13,22).

The beneficial effects of grain refinement can be lost
as a result of grain growth (also called germination)
during solution heat treatment. Sensitivity to this
phenomenon is accentuated by very fine, as-cast grain
size; by internalstresses, which tend to occur inchilled
areas and at saw cuts; and by excessive time at the
solution-treating temperature. An effective preventa¬
tive measure is the alternative (interrupted) solution
treatment given inSection 1.5.2 (Refs. 13, 17,23).

The ignition temperature of magnesium alloys is gen¬
erally considered to be close to the meltingpoint,but
fine shavings, powders, and ribbons can ignite at
somewhat lower air temperatures. Magnesium fires
cannot be extinguished by water or fire extinguishers
of the vaporizing liquid, foam, ordinary dry chemical,
or carbon-dioxide types. Their useaccelerates burning
and may cause an explosion. Magnesium fires can be
extinguished only by covering the burning area with
a material that will exclude air and not react with
burningmagnesium. Graphite powder and magnes¬
iummelting fluxes are the most commonly used
extinguishers (Refs. 13,17,24).

A291 grows slightly when exposed for long periods
of time to temperatures above 200F.

1.9.1 [Table] Maximum linear growth of castings due to
long-timeexposure to 300F.

1.9.2 [Figure! Linear growth of castings due to long-time
exposures at temperatures from 212 to 425F.

AMS specifications (Refs. 1,3,4) prohibit the suppliers
of AZ91 castings from repairing defective castings by
peening,plugging,welding, impregnation,or other
methods unless they obtain written permission from
the purchaser.
Although not yet commercially available, AZ91 alloy
productsmade by means of rapid-solidification process¬
ing have been shown to have substantially improved
mechanical properties with corrosion resistance at
least as good as that of conventional AZ91 castings of
the same composition. This process involves the pro¬
duction of fine particles or thin ribbons of the alloy
rapidly solidified by one of several techniques, such
as FreeJet Melt Spinning, Planar Flow Casting, and
Atomization. The rapidly solidified material is cold

compacted into bulk material, about 60 percent of
theoretical density, for further processing by extrusion,
forging, or rolling into final shape and near theoretical
density (Refs. 38, 39).

1.9.3 [Table] Comparison of the tensile properties and hard¬
ness of bars extruded from sand-cast billets with those
of bars made by rapid-solidification processing includ¬
ingsimilar final extruding.

2 Physical Properties and Environmental
Effects

2.1 Thermal Properties
2.1.1 Melting Range,875-1105F(Refs. 5, 6, 7, 11).

2.1.2 Phase Changes. In the as-cast condition (F), the alloy
consists mostly of magnesium-aluminum-zinc solid
solution, with massive intergranular and interdendritic
magnesium-aluminum compounds known as b-phase.
Inrelatively large sections, because of slow cooling
rates from the casting temperature, the b-phase also
forms as a lamillar secondary phase along the grain
boundaries. Also present in the as-cast alloy are some
particles of magnesium-silicon and manganese-
aluminum compounds, which are not affected by
heat treatment. Solution treatment (T4) dissolves the
magnesium-aluminum compounds (b-phase) into the
solid solution; subsequent age hardening (T6) induces
their precipitation ina discontinuous lamillar network
along the grain boundaries (Refs. 15, 16).

2.1.2.1 Time-temperature transformation diagrams.
2.1.3 Thermal Conductivity.

2.1.3.1 [Figure] Effectsof temperatures up to 500F
on thermal conductivity.

2.1.4 Thermal Expansion. Meancoefficient of thermal
expansion of AZ91A and AZ91C from 68 to 392F;

15.1-15.2 x Kb6 in. per in. per F (Ref. 14).

2.1.5 Specific Heat.

2.1.5.1 [Figure1Effectsof temperatures up to 1400F
on specific heat.

2.1.6 Thermal Diffusivity.
2.1.6.1 [Table] Thermal diffusivity at 68F.

2.2 Other Physical Properties
2.2.1 Density:0.0654 lb. per cu. in.,1.81gr. per cu. cm.

(Refs. 5, 6, 7, 8).

2.2.2 Electrical Properties.

2.2.2.1 [Figure] Effects of temperatures up to 500F
onelectrical resistivity.

2.2.3 Magnetic Properties. Alloy is nonmagnetic.

2.2.4. Emittance (see ZK60A, Code 3506, Figure 2.024).
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2.2.5 DampingCapacity.

2.2.5.1 [Table] Damping capacity of die castings at
various stress levels.

2.3 Chemical Environment

Use of magnesium alloys inaerospace applications
has been limitedby their susceptibility to corrosion in
marine and other aggressive environments. This prob¬
lem inAZ91 castings has been substantially alleviated
by the relatively recent introductionof the high-purity
Dand Ealloy variations with intrinsic corrosion resist¬
ance approaching that of aluminum alloys. The improved
corrosion resistanceof the Dand Evariations isa result
of greatly reduced limits for the heavy-metal impuri¬
ties—copper, nickel, and iron—plus control of the
ratio of iron to manganese contents to a level of 0.032
or less (Ref. 13).

2.3.1 [Figure] Comparison of corrosion rates of AZ91C and
E in the T6 Condition with that of A357 aluminum
casting alloy both totally immersed in3.5 percent
sodium-chloride solution and in5 percent salt fog.

ÿ2:3.2 [Figure] Comparison of corrosion-pitting depth in
AZ91C and E in the T6 Condition with that in A357
aluminum casting alloy after total immersion for 14
days in3.5 percent sodium-chloride solution.

The corrosion rates for AZ91D-F (die castings) in5
percent salt fog (ASTM B 117) and totally immersed in
5 percent sodium-chloride solution are about 10and 45
mil per year, respectively,which compare reasonably
well with AZ91E-T6 (sand castings) corrosion rates as
shown inFigure 2.3.1 (Ref. 31).

In the older alloy variations (A, B, and C),differences
in iron content can havemarked effects on corrosion
rates invarious types of environments (Ref. 31).

2.3.3 [Table] Effects of a variation in iron content on the cor¬
rosion rate of AZ91C-T6 sand castings invarious
types of environments.

Because of the highelectrochemical activity of magnes¬
ium,galvanic corrosion tends to occur inAZ91, as
well as inother magnesiumalloys, inareas where they
are inelectrical contact with most other structural
metals in the presence of an electrolyte. Such attack
can occur, for example, inareas where magnesium-
alloy surfaces are incontact with dissimilar-metal bolts.
Use of a nonmetallic sealing compound betweenall
such contact areas can be effective in preventing the
attack (Ref. 21).

2.3.4 [Figure] Comparison of corrosion rates of AZ91C and E
with that of A357 aluminum castingalloy when galvan-
ically coupled to aluminum and to carbon steel and
immersed in3.5 percent sodium-chloride solution.

Use of ferrous abrasives for surface cleaning can leave
ironcontamination on casting surfaces, which is detri¬

mental to corrosion resistance. Acid picklingcan be
used to remove such contamination, but use of high-
purity alumina, silica, or glass beads is preferable to
ferrous abrasives (Ref. 20).

2.3.5 [Table] Effects of heat-treat condition and surface condi¬
tion on the corrosion rateof AZ91E as a result of 10-day
salt-spray testing inaccordance with ASTM B 117.

Recent studies have revealed that AZ91 is susceptible
to stress corrosion cracking inaqueous environments
(Ref. 41).

2.3.6 [Figure] Time to stress-corrosion failure as a function
of tensile stress for die-cast specimens in two different
environments; and, for comparison, the ultimate tensile
strength (Fÿ) of comparison specimens after similar
exposures without stress.

2A Nuclear Environment

3 Mechanical Properties

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

3.1.2 [Table] ASTM specified mechanical properties.

3.2 Mechanical Properties at Room Temperature
3.2.1 Tension Stress-strain Diagrams and Tension

Properties.

3.2.1.1 [Figure] Tensile stress-strain curve for die-cast
test bar at room temperature.

3.2.1.2 For room-temperature stress-strain curves of
sand-cast test bars, see Figure3.3.1.1.

3.2.1.3 [Table] Typical tensile properties of separately
cast test bars at room temperature.

3.2.1.4 IFigure] Effects of exposures up to 1000 hours
at 300F on room-temperature tensile proper¬
ties of sand castings inthe T6 condition.

3.2.1.5 [Figure] Effects of long-time exposures at

various elevated temperatures on room-temp¬
erature tensile yield strength and percent
elongation of sand castings in the T4 Condition.

3.2.2 Compression Stress-strain Diagrams and Compres¬
sion Properties.
3.2.2.1 [Figure] Compressive stress-strain curve for

die-cast test bar at room temperature.

3.2.2.2 [Table] Compressive yield strength at room

temperature for different alloy variations and
heat treatments.

3.2.3 Impact.
3.2.3.1 [Table] Charpy V-notch impact strength at

room temperature for die castings and sand
castings invarious heat-treated conditions.
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3.2.4 Bending.
3.2.5 Torsion and Shear.

3.2.5.1 [Table] Shear strength at room temperature
for different alloy variations andheat treatments.

3.2.6 Bearing.
3.2.6.1 [Table] Bearing properties at room tempera¬

ture for different alloy variations and heat
treatments.

3.2.7 Stress Concentration.

3.2.7.1 Notch properties.

3.2.7.2 Fracture toughness.

3.2.8 Combined Properties.

3.3 MechanicalProperties at Various Temperatures
3.3.1 Tension Stress-strain Diagramsand Tension Properties.

3.3.1.1 [Figure] Stress-strain curves at room and
elevated temperatures for sand-cast test bars.

3.3.1.2 [Figure] Effect of test temperature on tensile
properties of sand-cast test bars.

3.3.1.3 [Figure] Effects of test temperature and strain
rate on tensile properties of sand-cast test
bars in the T6 condition.

3.3.2 Compression Stress-strain Diagrams and Compression
Properties.

3.3.3 Impact.
3.3.3.1 [Table] Charpy V-notch impactstrength of sand

castings at temperatures from 75 to -320F.

3.3.4 Bending.
3.3.5 Torsion and Shear.

3.3.5.1 [Figure] Effect of test temperature on shear
strength of sand-cast test bars.

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

properties of sand-cast test bars.

3.3.7 Stress Concentration.

3.3.7.1 Notchproperties.

3.3.7.2 Fracture toughness.
3.3.8 Combined Properties.

3.4 Creep and Creep-Rupture Properties
3.4.1 [Figure] Isochronous stress-strain curves at 300 and

400F for sand-cast test bars in the T6 condition.

3.4.2 A recent investigation of A291A-F die castings has
revealed that the alloy is susceptible to creep deforma¬
tion at room temperatures and stresses below the
yield strength (Ref. 40).

3.4.2.1 [Figure] Creep strain of die-cast test bars as a
function of time at room temperature and a
tensile stress of 19.5 ksi.

3.5 Fatigue Properties
3.5.1 [Table] Rotating-beam fatigue strength (R = -1) of

different alloy variations at room temperature.

3.5.2 [Figure] Fatigue S-N range for sand castings in the T6
Condition.

3.5.3 [Figure] Fatigue-crack growth rates for two different
sections of a sand casting.

3.6 Elastic Properties
3.6.1 Poisson's Ratio,0.35 {Refs. 11,25).

3.6.2 Modulus of Elasticity.
3.6.2.1 [Figure] Modulus of elasticity at roomand

elevated temperatures.

3.6.3 Modulus of Rigidity,2.4 x 106 psi (Refs. 11, 25).

3.6.4 Tangent Modulus.

3.6.5 Secant Modulus.

4 Fabrication

4.1 Forming

4.2 Machining and Grinding
AZ91, as well as other magnesium alloys, has excellent
machinability,which enables it to be machined at

highspeeds and feeds. The low cutting pressures and
rapiddissipation of generated heat combine to provide
long tool life,dimensional stability, and good surface
finish (Ref. 30).

4.3 Joining
Although welding is not recommended for die castings
(AZ91A, B, and D),gas-tungsten-arc and gas-metal-arc
welding are both applicable for repair and joining of
sand, permanent-mold,and investment castings.
AZ92A or AZ91C are the recommended filler alloys.
Whereas preheat and interpass temperatures of 650-
750F are recommended for thin and restrained sections,
heavy and unrestrained sections may be welded with
little or no preheat (Refs. 11,32).

4.3.1 If the T4 Condition is desired after welding, the cast¬
ings should be in that condition prior to welding and
then postweld treated as follows: 1/2 hour at 775F in
protective atmosphere (see Section 1.5.4), fast fan cool
(Ref. 32).

4.3.2 If the T6 Condition is desired after welding, the cast¬
ings should be ineither the T4 or T6 condition prior to
welding and then postweld treated as follows: 1/2
hour at 775F inprotective atmosphere (see Section
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1.5.4), fast fan cool, + 4 hours at 420F or 16 hours at 4.4.1 [Tabid Effects of various surface treatments and
335F, AC (Ref. 32). The short times at 775F (1/2 hour) finishes on the rotating-beam fatigue strength of sand
for the postweld T4 and T6 treatments are used to castings at 10 millioncycles.
avoid germination (see Section 1.9, second paragraph)
in the deposited weld metal (Ref. 32).

4.3.3 AZ91C and E castings can bewelded to most wrought
magnesium alloys by the same methods given inSec¬
tion 4.3, first paragraph. For optimum properties, the
castings to be welded should be in the heat-treated
condition finally desired. Postweld treatments as
given inSections 4.3.1 and 4.3.2 provideoptimum T4
or T6 properties inthe casting segment, but may be
detrimental to the wrought material depending on the
specific alloy (Ref. 32).

4.3.4 If optimum mechanical properties are not required,
welded castings or cast-wrought weldments should,
nevertheless, be stress relieved one hour at 500F in
order to prevent stress-corrosion cracking (Ref. 32).

4.3.4.1 [Table] Tensile properties of sand-cast plates,
both base metaland sections with transverse

GMA welds across the gage lengths of the
test specimens.

4.3.4.2 [Figure] Fatigue S-N curves for sand-cast
plates,both base metaland sections with
transverse GMA welds across the test areas.

4.3.4.3 [Figure] Fatigue-crack growth rates inGMA
repair weld deposits made with AZ92A
magnesium-alloy electrodes in two different
sections of a sand casting.

Gas welding, soldering, brazing,and spot welding are
not normally recommended for AZ91 alloy, particu¬
larly for critically stressed applications or for service
under conditions of vibration or fatigue (Refs. 29, 34).

4.4 Surface Treatment

For corrosion protectionduring shipping and handling,
AZ91, as well as other magnesium-casting alloys, are
normally chrome pickled (AMS2475) or, alternatively,
coated with a light corrosion-inhibiting oil by the pro¬
ducing foundries prior to shipment. (Refs. 1,2,3, 4). A
wide range of chemical and electrochemical cleaning
and surface treatments is available for paint adhesion
and corrosion protection (Ref. 31, see also AM 100A,
Code 3410, Sections 4.042, 4.043, and 4.044 for details).

A study of the effects of various surface treatments
and finishes on the rotating-beam fatigue strength of
AZ91C-T6 castings showed that acid pickling has
detrimental effects on fatigue strength, whereas shot
peening has beneficial effects which, in most instances,
are sufficient to overcome any detrimental effects of
acid pickling or coatings. For the most part,chromate
coatings, anodic coatings, and paints have only minor
but variable effects on fatigue strength (Ref. 27).
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Table 1.3.1 Specifications (Refs. 1-11)

Alloy: AZ91

Specification Alloy
Variations Conditions Form

AMS 4437D C T6 Sand Castings

AMS 4446 E T6 Sand Castings

AMS 4490G A F Die Castings

AMS 4452A C T6 Investment
Castings

ASTM B 80-90 C,E F,T4, 5,6 Sand Castings

ASTM B 94-88 A, B, D F Die Castings

ASTM B 199-87 C.E F,T4, 5, 6 Permanent Mold
Castings

ASTM B 403-87 C.E F, T4, 5, 6 Investment
Castings

ASTM B 93-90 A, B, C, D, E F Ingot

MIL-M-46062 C -
Sand and
Permanent Mold
Castings

QQ-M-56 C - Sand Castings

QQ-M-38 A F Die Castings

QQ-M-55 C - Permanent Mold
Castings

Note: tn addition to these product specifications, ASTM B 661-90 and
MIL-M-6857 cover heat treatment ot magnesium alloys including A291.

Table 1.4.1 Composition (Refs. 1-9)

Alloy: AZ91

Alloy Variations A B 0 c (a) E(b)

Form (c) Die Cast Sand, Investment, Permanent Mold Cast

Specification AMS (3), ASTM (6) ASTM (6) ASTM (6) AMS (1) AMS (2)

Element
Percent Percent Percent Percent Percent

Min Max Min Max Min Max Min Max Min Max

Aluminum 8.3 9.7 8.3 9.7 8.3 9.7 8.1 9.3 8.1 9.3

Zinc 0.35 1.0 0.35 1.0 0.35 1.0 0.40 1.0 0.40 1.0

Manganese 0.13 - 0.13 - - 0.15 0.13 0.30 0.17 0.35

Silicon - 0.50 - 0.50 - 0.10 - 0.30 - 0.030

Copper - 0.10 - 0.35 - 0.030 - 0.10 - 0.030

Nickel - 0.03 - 0.03 - 0.002 - 0.01 - 0.0010

Iron - - - - - 0.005 - - - 0.005

Others, each - - - - - 0.02 - 0.10 - 0.01

Others, total - 0.30 - - - - - 0.30 - -
Magnesium Remainder Remainder Remainder Remainder Remainder

(a) The composition shown for AZ91C is taken from the AMS specification for sand castings (Ret. 1); the AMS specification tor investment castings
(Ret. 4) and the ASTM specifications tor sand (Ref. 5), investment (Ret. 8). and permanent mold (Ref. 7) castings differ only slightly, primarily in the limits
for manganese content.
(b) The composition shown for AZ91E is taken from the AMS specification for sand castings (Ref. 2): the ASTM specifications for sand (Ref. 5),
investment (Ref. 8), and permanent mold (Ref. 7) castings differ only slightly, primarily in lower maximum limits for silicon and copper contents.
(c) The ASTM specitied compositions for ingot in all five alloy variations (Ref. 9) are quite similar to those shown above, the most pronounced differences
being somewhat more restricted ranges for the principal alloying elements and in some instances for the residual elements in the ingot specification.
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Table 1.6.1 Hardness for various heat-treated conditions Table 1.9.1 Maximum linear growth of castings due to
at room temperature (Refs. 5, 6, 7, 11,13) long-time exposure at 300F (Ref. 23)

Alloy: AZ91

Type Casting Alloy
Variation Condition

Hardness

Brinell (a) Rockwell E

Die A, B, 0 F 63 75

Sand,
Permanent
Mold.
Investment

C, E

F 60 66

T5 62 -
T4 55 62

T6 70 77

Alloy: AZ91C

Form Castings

Condition Maximum Linear Growth (in./in.)

F 0.00040

T4 0.00077

T6 0.00055

(a) 10 mm ball, 500 Kg

AZ91C-T4
Castings

425f/ 35 IF/ 300F/ 212F/

1 10 100 1.000 10,000
Exposure Time, hrs

Fig.1.9.2 Linear growth of castings due to long-toneexposures
at temperatures from 212 to 425F (Ref. 25)

Table 1.9.3 Comparison of the tensile properties and hardness of bars extruded from sand-cast billets with those of bars
made by rapid-solidificationprocessing includingsimilar final extruding (Refs. 38, 39)

Alloy: AZ91E

Initial Form Further Processing (a) Heat Treat F„ (ksi) Fto (ksi) e (percent, 4D) Hardness Rockwell E

Sand-cast bar Extruded None 32.8 45.4 15.6 81

Sand-cast bar Extruded 16(b) 24.2 47.7 11.1 78.5

RS + C (c) Extruded None 56.7 66.3 12.1 97.5

(a) Extruded at 480F, extrusion ratio 20, ram speed 0.5 mm per sec
(b) Heat treated after extruding
(c) Rapidly solidified by Free Jet Melt Spinning and compacted
Note: For comparison of the sand-cast and extruded bars with conventional cast test bars see Table 3.2.1.3, in which Condition F and T6, respectively,
correspond to heat treatments labeled "None" and "T6" in this table
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O A291A-F Die cast I
• AZ91C-F Sand and perm, mold cast
a AZ91C-T4 Sand and perm, moid cast
ÿ AZ91C-T6 Sand and perm, moid cast

CT
</>

-e

©
a.
3=
a

CO

100o 200 400300 500
Temperature. F

Fig. 2.1.3.1 Effects of temperatures up to 500F on
thermal conductivity (Ref. 14)

AZ91B-F
Die cast

•Solid
A Molten

Melting
range

0 200 400 600 800 1000 1200 1400
Temperature. F

Fig. 2.1.5.1 Effectsof temperatures up to 1400Fon specific heat (Ref. 14)

Table 2.1.6.1 Thermal diffusivity at 68F (Ref. 14)

Alloy: AZ91

Alloy
Variation

Condition Casting Type
Diffusivity

(sq ft per hr)

A F Die 1.12

C F Sand & Permanent Mold 1.17

C T4 Sand & Permanent Mold 1.00

C T6 Sand & Permanent Mold 1.23

Table 2.2.5.1 Dampingcapacity of die castings at various
stress levels (Ref. 17)

T! 7

S 6

O AZ91

• AZ91
A A291

-ÿ AZ91

\*F Die ca
:-F Sande
C-T4 Sand
)-T6 Sand

5«
nd perm.
and perm
and perm

mold cast
moldcas
mold cas —

A A
2&

v r
5000 100 200 300 400

Temperature. F

Fig. 2.2.2.1 Effects of temperatures up to 500F on
electrical resistivity (Ref. 14)

Alloy AZ91A, B, D

Form Die Castings

Condition F

Stress (ksi) Specific Damping Capacity (percent)

1.0 2.67

2.0 5.33

3.0 12.0

3.5 16.0

5.0 29.3
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350

300

.AZ91_
Sand cast

ITTil Total immersion, 14 days

Salt tog, ASTM 8 117

= 200

A357 A291C-T6 AZ91E-T6

Fig. 2.3.1 Comparison of corrosion
rates of A291C and E in the T6 condition
with that of A357 aluminum casting
alloy both totally immersed in3.5-
percent sodium-chloride solution and
in5 percent salt fog (Ref. 21)

100

E 10

1.0

0.1

A291
Sand cast

Average pit depth

Maximum pit depth -

A357 AZ91C-T6 AZ91E-T6

Fig. 2.3.2 Comparison of corrosion-
pitting depth inAZ91C and E in the
T6 condition with that in A357 aluminum
casting alloy after total immersion for
14 days in33-percent sodium-chloride
solution (Ref. 21)

Table 2.3.3 Effects of a variation in ironcontent on the corrosion
rate of AZ91C-T6 sand castings invarious types of
environments (Ref. 31)

Alloy AZ91C

Form Sand Castings

Condition T6

Iran Content (percent) 0.035 <0.005

Environment Corrosion Rale (mils per year)

Rural 0.17 0.11

Industrial 0.60 0.55

Marine 0.87 0.25

20% salt spray 3740 27.9

10,000

£ 1000

E

S 100

10

A291
Sand cast

M uncoupled

§ Coupled to aluminum

Vdi Coupled to steel

I1
A357 AZ91C-T6 AZ91E-T6

Fig. 2.3.4 Comparison of corrosion rates
of AZ91C and E with that of A357 aluminum
casting alloy when galvanically coupled to
aluminum and to carbon steel and immersed
in3.5-percent sodium-chloride solution (Ref. 21)
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Table 23.5 Effects of heat-treat condition and surface condition
on the corrosion rate of A291E as a result of 10-day salt spray
testing in accordance with ASTM B 117 (Ref. 20)

Alloy: AZ91E

Form Sand Cast

Heat Treat Condition Surface Condition
Corrosion Rate (mils

per year)

F (1) 260-277

F (2) <14-29

F (3) 14-29

T4 (3) 5-7

T6 (3) 4-9

(1) Steel-shot blasted
(2) Sand blasted, acid etched, and chrome pickled
(3) Wet-belt abraded with 80-mesh silicon carbide

40

30

20

10

AZ91D-F I
Die castings, as-cast specimens '

••
Environment: distilled water

A A Stress corrosion, lime to fracture at constant
tensile stress I

•O Fju of unstressed specimens after exposure to
similar environments |

ÿ ÿ As-received Ftu and frj, respectively_
I
_

l
_

2 40

30

20

10

0°I
o
Ir O

ÿ

c o o5

AA*
A ° 3

""a -ÿ-&a.
5% salt water

10 100 1O00
Time, days

Fig. 2.3.6 Time to stress-corrosion failure as a function
of tensile stress for die-cast specimens in two different
environments; and, for comparison, the ultimate tensile
strength (Ftu) comparison specimens after similar
exposures without stress (Ref. 41)

Note 1; The specimens were half submerged in the
indicated environments; the stress-corrosion specimens
fractured at the air-water interface,but the comparison
specimens fractured at random locations in the gage length
insubsequent tensile tests.

Note 2; The deterioration instrength of the companion
unstressed specimens after about 10days insalt water was a
result of general corrosive attack.
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Table 3.1.1 AMS specified mechanical properties (Refs. 1,2, 4)

Alloy: AZ91

Condition TB

Form (e) Alloy Variation Tensile Specimens F„ (ksi )
min

K (Ksi)
min

e (percent, 4D)
min

BKN (d)

Sand Cast

C
(a) 16 34.0 3.0 65-85/75-95

(b) 12 17.0 0.75 65-85/75-95

E

(a) 16 34.0 3.0 65-85/75-95

(b) 12 17.0 - 65-85/75-95

(C) 14.5 25.5 0.75 65-85/75-95

Investment Cast C

(a) 16 34.0 3.0 -
(b> 12 17.0 - -

(c) 14.5 25.0 1.0 -
(a) Separately cast
(b) Cut trom casting, single specimen
(c) Cut from casting, average of four or more specimens
(d) 10 mm ball 500 Kg load/10 mm ball 1000 Kg load; any area of casting except at gate and riser locations
(e) The AMS specification for AZ91A-F die castings (Ref. 3) includes no mechanical-property requirements

Table 3.1.2 ASTM specified mechanical properties (Refs. 5, 7, 8)

Alloy: AZ91

Tensile Specimens Separately Cast to Size

Form (a) Atloy Variation Condition F„ (ksi)
min

Ftu (Ksi)
min

e (percent, 2 in.)
min

F 11.0 23.0 -

c
T4 11.0 34.0 7

Sand Cast T5 12.0 23,0 2

T6 16.0 34.0 3

E T6 16.0 34.0 3

F 10.0 18.0 -

Q
T4 10.0 34.0 7

Investment Cast T5 11.0 20.0 2

T6 16.0 34.0 3

E T6 16.0 34.0 3

F 11.0 23.0 -
T4 11.0 34.0 7

Permanent Mold Cast T5 12.0 23.0 2

T6 16.0 34.0 3

E T6 16.0 34.0 3

(a) The ASTM specifications for AZ91A, B, and 0-F die castings (Ref. 6) and for AZ91A, B, C, D,and E-F ingot (Ref. 9) include no mechanical-property
requirements
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25

20

15

10

AZ91A-F
Die cast

r\

///
0 0.002 0.004 0.006 0.008

Strain, in. per in.

Fig. 3.2.1.1 Tensile stress-strain curve
for die-cast test bar at room temperature
(Ref. 25)

Table 3.2.1.3 Typical tensile properties of separately cast
test bars at room temperature (Refs. 6, 11, 13)

Alloy: AZ91

Form Die Cast Sand, Permanent Mold,
Investment Cast

Alloy Variations A. B, D C, E

Condition F F T4 T5 T6

Fty (ksi) 22-23 14 13 17 21

Ftu (ksi) 33-34 24 40 26 40

e (percent, 40) 3 2,5 15 3 6

Specimens machined from

AZ91E-T6
Sand casting

1.0-in. thick section

0 200 400 600 800 1000
Exposure Time, hr

Fig.3.2.1.4 Effects of exposures up to 1000 hours
at 300F on room-temperature tensile properties
of sand castings in the T6 condition (Ref. 21)

e(2 in.)

AZ91C-T4 I
Sand castings

Fig. 3.2.1.5 Effectsof long-time exposures at various elevated
temperatures on room temperature tensile yield strength and
percent elongation of sand castings in the T4 condition (Ref. 25)

10 100
Exposure Time, hr

1000 10,000
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AZ91A-F
Die cast

/

t
0 0.0D2 0.004 0.006 0.008

Strain, In. per In.

Fig. 3.2.2.1 Compressive stress-strain curve
for die-cast test bar at room temperature
(Ref. 25)

Table 3.2.3.1 Charpy V-notch impact strength at room
temperature for die castings and sand castings invarious
heat-treated conditions (Ref. 11)

Alloy: AZ91

Form
Alloy

Variation Condition
Charpy V IE

(ft lb)

Die Cast A, B, D F 2.0

F 0.58

Sand Cast C, E T4 3.0

T6 1.0

Table 3.2.2.2 Compressive yield strength at room
temperature for different aUoy variations and heat
treatments (Ref. 11)

Alloy: AZ91

Form
Alloy

Variations Condition Fjy (ksi)

Die Cast A, B, D F 24

Sand, Permanent
Mold

F 14

C, E T4 13

T6 19

Table 3.2.5.1 Shear strength at room temperature
for different alloy variations and heat treatments
(Refs. 11,33)

Alloy: AZ91

Form Alloy Variation Condition fa (Ksi)

Die Cast A, B, D F 20

Sand, Permanent
Mold

F 18

C,E T4 20

T6 21

Table 3.2.6.1 Bearing properties at room temperature
for different alloy variations and heat treatments
(Refs. 11, 25)

Alloy: A291

Form
Alloy

Variations Condition Fb„ (Ksi) F„ra (Ksi)

Sand,
Permanent
Mold

C.E

F 40 60

T4 44 60

T6 52 75

Note: Ratio edge distance to hole diameter, (e/d) = 2.5
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25

20

15

10

* ,s
m 30

25

AZ91C I
Sand cast test bars

I

RT
300F

400F

20

15

10

RT

TScond tion
300F

/
400F

0.002 0.004 0.005
Strain, in. per in.

0.008 0.010

Fig. 3.3.1.1 Stress-strain curves at room and elevated
temperatures for sand-cast test bars (Ref. 35)

_
30

AZ91
Sand cast test bars • a T6 condition

O T4 condition

*° At temperature
A jio mm J

200 300 400
Temperature, F

Fig.3.3.1.2 Effect of test temperature on tensile properties of
sand-cast test bars (Refs. 25, 35)
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AZ91C-T6 I
Sand cast test bars

75F
200F-

C—

300F

400F,

.500F

600F

700F
M
m
<s

8O0F

0
30

F,

200F 75F
20

300F

400F.
500F

10
600F__-O-

700ÿ—-•-
800F

Table 3.3.3.1 Charpy V-notch impact strength of sand
castings at temperatures from 75 to -320F (Ref. 29)

Alloy: A291C

Form Sand Cast

Condition T6

Temperature (F) Charpy VIE (ft lb)

75 1

•110 1

-320 3/4

0.001 0.01 0.1 1.0 10
Strain Rate, In.per in. per min

Fig. 3.3.1.3 Effects of test temperature and strain rate on tensile
properties of sand-cast test bars inthe T6 condition (Ref. 35)

AZ91C
Sand-cast bars C

<
T4 condit
T6 condit

ion
ion

|"V

Fbru

----- \

\ )

F&ry

\ >

cr

0 100 200 300 400
Temperature. F

Fig.3.3.6.1 Effect of test temperature on
bearing properties of sand cast test bars (Ref. 36)
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Fig. 3.3.5.1 Effect of test temperature on shear
strength of sand-cast test bars (Ref. 36)

A291C I
Sand-cast test bars

O T4 condition

•T6 condition
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« 12

AZ91C-T6
Sand-cast test bars

3 hrs exposure
15 sees--— 5 mins----15 mins----1 hr
10 hrs

/;
if//
f//

/ 400F

0.004 0.0080 0.004
Strain, in. per in.

Fig. 3.4.1 Isochronous stress-strain curves at 300 and 400F
for sand-cast test bars inT6 condition (Ref. 37)

0.012

0.10

ÿS 0.08

£
"0.02

0.2

AZ91A-F
Die cast

19.5 ksi
Fty = 22.r
Ftu = 30.
e(4D) =

ksi
ksi

.2%

20 40 60
Time, hrs

60 100

Fig. 3.4.2.1 Creep strain of die-cast test bars
as a function of time at room temperature and
a tensile stress of 19.5 ksi (Ref. 40)

Table 3.5.1 Rotating-beam fatigue strength (R = -1) of
different alloy variations at room temperature (Ref. 11)

Alloy: AZ9I

Form
Alloy

Variation Condition
Cycles to
Failure

Maximum
Cyclic

Stress (tei)

Die Cast A, B, D F 5x10® 14

Sand,
Permanent
Mold

C, E T6 10® 12-14

Note: Specimen surfaces machined and polished

35

30

25

20

15

10

AZ91E-T6
Sand casting

70F
R = 0.1
Specimens itachined Irdm .

section

/ mjm/\

1.0-in.-thick

"YX*/ / /
/ / yk///// /

104 105 106
Cycles to Failure

107 108

Fig. 3.5.2 Fatigue S-N range for sand castings in the
T6 condition (Ref. 21)
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10'3
AZ91C-T6
Sand cast I I---0.3 in.section, Fj,, = 40.5 k
-3.0 in. section. Fm = 37.4 k

10 HZ
Specimens C(T)
0.200 in. thick

1 2 4 6 8 10
Stress Intensity Factor Range, AK. ksi VhT

Fig. 3.5.3 Fatigue-crack growth rates for two
different sections of a sand casting (Ref. 12)

AZ91C-T6
Sand-cast lest bars

E, sta ic

0 200 400 600 800
Temperature, F

Fig.3.6.2.1 Modulus of elasticity at room
and elevated temperatures (Ref. 28)

Table 4.3.4.1 Tensile properties of sand-cast plates, both base metal and sections with transverse GMA welds across the
gage lengths of the test specimens (Ref. 18)

Alloy: AZ91C

Form Sand-Cast Plates

Test Section
Preweld Heat

Treatment
Postweld Heat

Treatment Preheat (F) Filler Ft» (ksi) F„ (ksi)
e

(percent, 2 in.)

Base Metal T6 T6 400 - 17.9 35.3 3.7

Welded T6 T6 400 AZ92A 22.1 39.7 4.3

Base Metal T4 T6 - - 20.5 41.9 6.5

Welded T4 T6 - AZ91C 20.6 34.2 3.3

Note: All tensile properties are the averages o1 three tests
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A291C I I
Sand-cast plate, 0.375-rn. thick (approx.)

18
Curve identification

Test Preweld Pcstweld Preheat

55 12

No. Section HI. Tit. Ht. Trt. F Filler
1 Welded T5 T6 400 AZ92A
2 Welded T4 T6 400 AZ92A
3 Welded T4 T6 400 AZ91C
4 Base metal T4 T6 400 —
5 Welded T6 T6 400 AZ91C
6 Welded T4 T6 None AZ91C
7 Welded T4 T6 400 AZ91C4&5 ,2&3

&E 10

Reverse bending, R = -1.0
70F
As-cast surfaces, welds ground flush

10'
Cycles to Failure

Fig. 4.3.4.2 FatigueS-N curves for sand-cast plates, both base metal
and sections with transverse GMA welds across the test areas (Ref. 18)

A291C-T6
Sand casting, repair welded
fully heat treated to T6
condition after welding

---0.3 in. section
3.0 in. section

Specimens C(T)
0.200 in. thick

Crack growth
rates in weld
deposits

1 2 4 6 8 10
Stress Intensity Factor Range, alt, ksi Vin7

Fig. 4.3.4.3 Fatigue-crack growth rates in GMA
repair weld deposits made with A292A magnesium
alloy electrodes in two different sections of a sand
casting (Ref. 12)
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Table 4.4.1 Effects of various surface treatments and finishes on the rotating-beam fatigue strength of sand castings at 10
million cycles (Ref. 27)

Alloy: AZ91C

Form Sand Castings, 0.625-in. Plates

Condition T6 (Fa =39.4 ksi)

Surface Condition Fatigue Strength afO7 cycles (ksi) Percent of
Control

As polished (control samples) 12 100

Polished, peened 15 125

Polished, alkaline cleaned, pickled 9.5 79

plus. No. 20 chromate conversion coating 10 84

No. 7 chromate conversion coating 9.5 79

HAE light anodic coat 11 92

HAE heavy anodic coat 10 84

No. 17 light anodic coat 8 67

No. 17 heavy anodic coat 9 75

Polished, peened, alkaline cleaned, pickled 15.5 129

plus, No. 20 chromate conversion coating 14.5 121

No. 7 chromate conversion coating 13 108

HAE light anodic coat 14 117

HAE heavy anodic coat 11.5 96

No. 17 light anodic coat 14.5 121

No. 17 heavy anodic coat 11 92

Polished, peened, alkaline cleaned, pickled, HAE heavy anodic coat

plus, Epoxy primer and lacquer (5 mils total) 12.5 104

Epoxy primer and Alkyd top cpat (5.5 mils) 12 100

Eppxy primer and polyurethane (5.4 mils) 11 92

Chloro-rubber and polyurethane (5.3 mils) 12 100

Polished, alkaline cleaned

plus, HAE light anodic coat 14 117

HAE heavy anodic coat 14 117

Note:
1. Fatigue test conditions: R = -1, 70F, 10,000 cpm
2. Poiished: No. 400 polishing paper in longitudinal direction
3. Peened: 0.125-in.-dia steel shot to 5A Almen intensity
4. Pickled: Dilute nitric plus sulfuric acid for 10 sec
5. Alkaline cleaned: immersed in sodium orthosilicate solution
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