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ALUMINUM ALLOYS FOR APPLICATIONS SUCH AS WHEELS
AND METHODS OF MANUFACTURE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to U.S. provisional patent application number
62/617,018, filed January 12, 2018, the disclosure of which is hereby incorporated by reference

in its entirety.

FIELD OF DISCLOSURE
[0002] The present disclosure relates to materials, methods, and techniques of manufacture
for aluminum alloys. Example applications relate to the preparation and manufacture of

aluminum wheels.

INTRODUCTION
[0003] Aluminum wheels can experience fatigue and develop cracks in one or more
locations. FIG. 1A is a partial side, cross-sectional view of example wheel 10. FIG. 1B is a
partial front plan view of example wheel 10. Wheel 10 includes rim 12 and disc 16, connected
near transition radius 20. Rim 12 includes rim drop center 14 and closed side flange 18. Disc 16
defines a plurality of hand holes 22. At a mounting portion, disc 16 defines concave disc face 24
and convex disc face 26. Typically, wheel cracks from fatigue can occur in a rim drop center,
near the closed side flange, near the transition radius, at the concave disc face, at the convex disc

face, and adjacent to a hand hole.

SUMMARY
[0004] Vehicle wheels are made of various materials, such as aluminum alloys and steel.
Safety and performance considerations for vehicle wheels include a given wheel’s ability to
resist fatigue for extended periods of time. It is particularly challenging to achieve those goals
with aluminum wheels, which are designed to be lighter than steel wheels.
[0005] Materials, methods and techniques disclosed and contemplated herein relate to
aluminum alloys. Aluminum wheels manufactured with aluminum alloys disclosed herein, and in
accordance with methods and techniques disclosed here, exhibit improved performance

compared to existing aluminum wheels.
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[0006] In one aspect, an aluminum alloy is disclosed. The aluminum alloy includes, by
weight: 0.80% to 1.20% silicon; 0.08% to 0.37% iron; 0.35% to 0.55% copper; 0.07% to 0.37%
manganese; 0.70% to 1.20% magnesium; 0.05% to 0.11% chromium; no more than 0.20% zinc;
and no more than 0.05% titanium, and the balance of weight percent comprising aluminum and
incidental elements and impurities.

[0007] In another aspect, an aluminum wheel having a rim and a disc is disclosed. The
aluminum wheel is formed of an aluminum alloy comprising, by weight: 0.80% to 1.20% silicon,
0.08% to 0.37% iron; 0.35% to 0.55% copper; 0.07% to 0.37% manganese; 0.70% to 1.20%
magnesium; 0.05% to 0.11% chromium; no more than 0.20% zinc; and no more than 0.05%
titanium, and the balance of weight percent comprising aluminum and incidental elements and
impurities.

[0008] In another aspect, a method for making an aluminum alloy is disclosed. The method
includes receiving an aluminum alloy billet and forging the aluminum alloy billet at a
temperature no less than 275°C and no greater than 460°C. The aluminum alloy billet includes,
by weight: 0.80% to 1.20% silicon; 0.08% to 0.37% iron; 0.35% to 0.55% copper; 0.07% to
0.37% manganese; 0.70% to 1.20% magnesium; 0.05% to 0.11% chromium; no more than
0.20% zinc; and no more than 0.05% titanium, and the balance of weight percent comprising
aluminum and incidental elements and impurities.

[0009] Other aspects of the disclosure will become apparent by consideration of the detailed
description and accompanying drawings. There is no specific requirement that a material,
technique or method include all of the details characterized herein, in order to obtain some
benefit according to the present disclosure. Thus, the specific examples characterized are meant

to be exemplary applications of the techniques described, and alternatives are possible.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] FIG. 1A is a partial side, cross-sectional view of a prior art aluminum wheel. FIG. 1B
is a partial front plan view of the wheel shown in FIG. 1A.
[0011] FIG. 2 is an example determination of grain width and grain length in a micrograph.
[0012] FIG. 3 shows photographs of experimental results from etching test alloys.
[0013] FIG. 4 shows grain structures for various test wheels after etching.

[0014] FIG. 5 shows fatigue performance of each of the test wheels shown in FIG. 4.
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[0015] FIG. 6 shows fatigue performance for test wheel E shown in FIG. 4 for two different
alloys.

[0016] FIG. 7 shows fatigue performance for two test wheels shown in FIG. 4 when
subjected to ASTM B368 followed by a radial wheel fatigue test.

[0017] FIG. 8 shows a tonnage-stroke plot for two forgings comprised of different alloys.
[0018] FIG. 9 shows a flow stress curve plot for the alloys in FIG. 8.

[0019] FIGs. 10A, 10B, and 10C show scanning electron micrographs of surfaces of three
different billets.

[0020] FIGs. 11A, 11B, and 11C show optical micrographs of etched surfaces of the billets
shown in FIGs. 10A-10C.

[0021] FIG. 12 shows grain length for the three alloys in FIGs. 10A-10C when forged at
different temperatures.

[0022] FIG. 13 shows a fraction of fine grains in the slope of wheels made using the three
alloys in FIGs. 10A-10C forged at different temperatures.

[0023] FIG. 14 shows a fraction of fine grains in the mounting area of wheels made using the
three alloys in FIGs. 10A-10C forged at different temperatures.

[0024] FIG. 15 shows a fraction of fine grains in the disc area of wheels made using the three
alloys in FIGs. 10A-10C forged at different temperatures.

[0025] FIG. 16 is a micrograph of one of the alloys shown in FIGs. 10A-10C.

[0026] FIG. 17 shows the number cycles to failure for wheels made using the three alloys in
FIGs. 10A-10C forged at different temperatures.

DETAILED DESCRIPTION
[0027] Aluminum alloys described and contemplated herein are particularly well suited for
use in aluminum wheel manufacture. For instance, aluminum wheels manufactured using the
materials, techniques and methods described and contemplated herein have improved fatigue
performance. Broadly characterized, advantageous properties in aluminum wheels disclosed
herein can be attributed to grain structures resulting from selection and performance of
components and techniques disclosed herein.
[0028] In the following sections, example aluminum alloys are described, including various

characteristics of the example aluminum alloys. Example methods of making aluminum wheels
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are also described. Last, a description is provided of experimental test results relating to example

aluminum alloys and wheels manufactured with the example aluminum alloys.

I Example Aluminum Alloys
[0029] Aluminum alloys described and contemplated herein can be characterized, for
instance, by components, grain structure, or dispersoids. In some embodiments, a total amount of
iron and manganese in the aluminum alloys is no less than 0.28% by weight and no greater than
0.45% by weight. In some embodiments, grains in the aluminum alloys have an average grain
length of no greater than 6 mm.

A. Example components and amounts
[0030] Aluminum alloy compositions disclosed and contemplated herein include various
components at various weight percentages, in addition to aluminum. Example components
capable of inclusion in aluminum alloys disclosed and contemplated herein include: silicon (Si),
iron (Fe), copper (Cu), manganese (Mn), magnesium (Mg), chromium (Cr), zinc (Zn), and/or
titanium (T1). Without being bound by a particularly theory, it is believed that both Si and Cu
increase strength and fatigue resistance of the aluminum alloy.
[0031] In various implementations, aluminum alloys disclosed and contemplated herein
include, by weight, 0.80% to 1.20% silicon; 0.08% to 0.37% iron; 0.35% to 0.55% copper;
0.07% to 0.37% manganese; 0.70% to 1.20% magnesium; 0.05% to 0.11% chromium; and the
balance of weight percent comprising aluminum and, in certain instances, incidental elements
and impurities. In various embodiments, aluminum alloys can further comprise no more than
0.20% zinc or no more than 0.05% titanium.
[0032] In other implementations, aluminum alloys disclosed and contemplated herein
include, by weight, 0.90% to 1.00% silicon; 0.08% to 0.37% iron; 0.40% to 0.50% copper;
0.07% to 0.37% manganese; 1.00% to 1.10% magnesium; 0.05% to 0.11% chromium; and the
balance of weight percent comprising aluminum and, in certain instances, incidental elements
and impurities. In various embodiments, aluminum alloys can further comprise no more than
0.20% zinc or no more than 0.05% titanium.
[0033] Aluminum alloys disclosed and contemplated herein can also be characterized by the
total amount of iron and manganese (i.e., the sum of the weight percent of iron and the weight

percent of manganese). In various embodiments, the total amount of iron and manganese is no
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less than 0.28% by weight. In other embodiments, the total amount of iron and manganese is no
greater than 0.45% by weight. In yet other embodiments, the total amount of iron and manganese
is no less than 0.28% by weight and no greater than 0.45% by weight. In still other embodiments,
the total amount of iron and manganese is no less than 0.30% by weight and no greater than
0.37% by weight.
[0034] Incidental elements and impurities in the disclosed alloys may include, but are not
limited to, nickel, vanadium, zirconium, or mixtures thereof, and may be present in the alloys
disclosed herein in amounts totaling no more than 1%, no more than 0.9%, no more than 0.8%,
no more than 0.7%, no more than 0.6%, no more than 0.5%, no more than 0.4%, no more than
0.3%, no more than 0.2%, no more than 0.1%, no more than 0.05%, no more than 0.01%, or no
more than 0.001%.
[0035] The alloys described herein may consist only of the above-mentioned constituents,
may consist essentially of such constituents, or, in other embodiments, may include additional
constituents.

B. Grain structure
[0036] Aluminum alloy compositions disclosed and contemplated herein can also be
characterized by grain structure. As used herein, a “grain” is a pancake-shaped distinct crystal in
the aluminum alloy, usually having an aspect ratio of length to width of from 5 to 25. Grain size
analysis can be discussed in terms of grain length and grain width, where both grain length and
grain width measurements are average values of the grains. An example identification of grain
width 202 and grain length 204 is shown in FIG. 2. For this disclosure, grain size is typically
measured on the scale of millimeters.
[0037] Generally speaking, during forming and heat treating processes, grain size changes.
Grain size changes relate to the types of forming processes used and the quantity of dispersoids.
Dispersoids are part of the chemical composition and are formed from those certain elements
(e.g., Fe, Mn, Cr) in the alloys. Dispersoid density can control the resulting grain structure and
grain size.
[0038] Grain size can be determined using the following method. First, a sample is
metallographically polished with final colloidal silica (0.04 pm) polish. In some instances, the
sample is obtained from a disc slope portion of an aluminum wheel. Then a swab etch with

Keller’s reagent (2 ml HF, 3 ml HCL, 5 ml HNO;, 190 ml H,0) is performed for approximately
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1 minute. Then optical microscopy and grain size measurements can be performed by ASTM
E112 line method in the horizontal (length) and vertical (width) directions.

[0039] In implementations where aluminum alloys disclosed and contemplated herein are
used in the manufacture of wheels, grain size impacts wheel fatigue performance. As shown
below in experimental examples, wheel fatigue performance improves with alloys having
average grain lengths no greater than 6.0 mm.

[0040] Finer grains are typically better for resisting the formation of fatigue cracks. Fine
grains can be defined as unrecrystallized grains formed during casting, unrecrystallized grains
with subgrains formed during hot forging, and/or dynamically recrystallized grains formed
during hot forging.

[0041] Aluminum wheels formed from aluminum alloys disclosed and contemplated herein
have less than 50% by area fraction of fine grains in the disc portion of the wheel. In various
embodiments, aluminum wheels have less than 45%; less than 40%; less than 30%; less than
25%; or less than 20% by area fraction of fine grains in the disc portion of the wheel.

[0042] The instant disclosure shows that fretting-fatigue followed by fatigue crack growth is
a common failure mode on the disc faces of wheels because of the vehicle mounting
configuration. Medium recrystallized grains can demonstrably enhance the resistance of the
wheel to fretting-fatigue and fatigue crack growth in these parts of the wheel. Furthermore,
medium recrystallized grain structures provide good resistance to both fatigue crack initiation
and fatigue crack growth in other parts of the wheel.

[0043] Aluminum alloys forged according to techniques and methods disclosed and
contemplated herein have an average grain length no greater than 6.0 mm. In various
embodiments, aluminum alloys disclosed and contemplated herein have an average grain length
no greater than 4 mm. In other embodiments, aluminum alloys disclosed and contemplated
herein have an average grain length of no less than 0.4 mm and no greater than 6 mm. As
particular examples, aluminum alloys disclosed and contemplated herein have an average grain
length no greater than 5.50 mm; no greater than 5.00 mm; no greater than 4.75 mm; no greater
than 4.50 mm; no greater than 4.25 mm; no greater than 4.00 mm; no greater than 3.75 mm; no
greater than 3.50 mm; no greater than 3.25 mm; no greater than 3.00 mm; no greater than 2.75

mm; no greater than 2.50 mm; no greater than 2.25 mm; no greater than 2.00 mm; no greater
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than 1.75 mm; no greater than 1.50 mm; no greater than 1.25 mm; no greater than 1.00 mm; no
greater than 0.75 mm; no greater than 0.50 mm; or no greater than 0.40 mm.
[0044] Grain size can also be determined in terms of average grain width. Aluminum alloys
disclosed and contemplated herein typically have a grain width no greater than 0.40 mm, even
when an average grain length is greater than 4 mm and less than 6 mm. In some instances, grain
width is no greater than 0.30 mm. In other instances, grain width is no less than 0.25 mm.
[0045] Grain size determination typically includes determining an average grain length and
width of grains within one or more samples. The samples are two dimensional sections of a
wheel. Grain size can be determined in each sample and, where multiple samples are used in the
determination, the grain sizes may be averaged. As an example, multiple samples along the
wheel profile are obtained and each sample may have a length of 25 mm and a width equal to the
wheel thickness.

C. Dispersoids
[0046] Aluminum alloy compositions disclosed and contemplated herein can also be
characterized by dispersoids. The term “dispersoids” is known in the art and, generally, refers to
pieces of various alloy components. For instance, dispersoids can be iron, manganese,
chromium, titanium, and/or silicon rich intermetallic compounds with various stoichiometry’s
(Al-Fe-Si, Al-Mn, Al-Cr, Al-Fe(Mn,Cr)-Si, Al-V, Al-Zr, Al-Ti).
[0047] Generally speaking, desired grain structures (e.g., grain size and distribution) are
impacted by the number, size and distribution of dispersoids in the aluminum alloy. For common
commercially available aluminum alloys, the number of dispersoids in the aluminum alloy can
be related to an amount of iron, manganese, or chromium, as well as the homogenization
temperature of the cast billet.
[0048] Homogenization methods can be adapted to attain one or more desired properties as
disclosed and contemplated herein. As an example, homogenization can include slowly heating a
billet to a temperature between 550 °C and 575°C for between 2 hours and 8 hours, followed by
fan cooling in air. In some instances, homogenization occurs at a temperature between 550°C
and 560°C. In some instances, homogenization heating occurs for about 4 hours.
[0049] In various implementations, dispersoids in the aluminum alloys disclosed and
contemplated herein have a distribution of no greater than 0.20 per um”. In other

implementations, dispersoids in the aluminum alloys disclosed and contemplated herein have a
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distribution of no greater than 0.10 per um”. In yet other implementations, dispersoids in the
aluminum alloys disclosed and contemplated herein have a distribution of from 0.06 per pm? to
0.10 per um”. Distributions below 0.03 per um” may result in excessive coarsening of the grain
structure.
[0050] In various implementations, dispersoids have an average size of from 230 nm to 260
nm. In other implementations, dispersoids have an average size of from 230 nm to 250 nm. In yet
other implementations, dispersoids have an average size of from 228 nm to 248 nm.

D. Forging
[0051] Billets of aluminum alloy compositions disclosed and contemplated herein can be
forged on conventional closed die forging presses to produce various products. For example,
aluminum alloy billets can be forged into a pre-machined disc portion of a wheel using a closed
die forging press.
[0052] Aluminum alloy billet forging can occur at various temperatures, assuming
atmospheric pressure conditions. Atmospheric pressure conditions mean a pressure of the
external environment at the location at which the process of the present disclosure is operated.
As examples, aluminum alloy billets can be forged at a temperature no less than 275°C and no
greater than 460°C. In other implementations, aluminum alloy billets are forged at a temperature
no less than 350°C and no greater than 400°C. In yet other implementations, aluminum alloy
billets are forged at a temperature no less than 370°C and no greater than 427°C or 450°C. In yet
other implementations, aluminum alloy billets are forged at a temperature of no less than 275°C
and no greater than 427°C. As specific examples, the cast aluminum alloy billet is forged at a
temperature of 260°C, 270°C, 280°C, 290°C, 300°C, 310°C, 320°C, 330°C, 340°C, 350°C,
360°C, 370°C, 380°C, 390°C, 400°C, 410°C, 420°C, 427°C, 430°C, 440°C, 450°C, or 460°C.
[0053] Generally, higher forging temperatures provide better die life longevity. Alloys and
wheels disclosed and contemplated herein can have grain structures disclosed above at higher
forging temperatures. Accordingly, a related benefit of alloys and wheels disclosed herein may
be improved die life longevity.
I1. Example Methods of Making Aluminum Wheels
[0054] An example method for making an aluminum wheel includes first receiving a cast

and homogenized aluminum alloy billet, where the aluminum alloy billet includes one or more
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properties and components described above. Then the cast aluminum alloy billet is heated to a
temperature of from 260°C to 460°C.

[0055] After heating the billet, a wheel profile is forged using a conventional closed die
forging press with one continuous hit to the billet at a strain rate of from 0.0254 to 2.54
cm/cm/sec. During this operation, material within the forging press undergoes dynamic
recrystallization.

[0056] Following forging of the wheel profile, a rim contour is flow formed at a temperature
of from 21°C to 316°C. Next, solution heat treatment is performed at a temperature of from
510°C to 566°C. During solution heat treatment, material in the disc undergoes static
recrystallization, grain growth, or both, to obtain desired grain sizing. In some instances, material
in the disc is approximately 538°C during the heat treatment.

[0057] Other forging processes are possible, such as multistep forging processes. For
instance, the example method can include forging a pancake, then the bowl shape, and then
forging the rim. As another example, the example method can include forging the pancake, then
the bowl, and then spin forming the rim.

[0058] Then the forge is quenched. After quenching, the forging is aged at a temperature of
from 148°C to 233°C. Last, the wheel is machined from the central part of the forging.

III.  Experimental Examples

[0059] Experimental examples of aluminum alloys disclosed above were made and tested. In
some instances, the experimental examples were formed into wheels and compared with existing
commercial wheels. In particular, experiments on the alloys and wheels included performance
testing such as fatigue performance determinations, experimental manufacturing methods, and

grain and dispersoid analysis.

A. Experimental Grain Size Development
[0060] Experiments were performed with example alloys to evaluate grain size for various
aluminum wheels. In particular, one objective of the experiments was to optimize grain size for
improved wheel fatigue performance while using forging temperatures that preferably were no
greater than 427°C. Two different alloys were tested and each alloy was forged at temperatures

of 371°C, 399°C, 427°C and 454°C. The two alloys are listed below in Table 1.
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Table 1. Example alloys tested on closed die traditional forging operation.

Test Alloy Si Fe Cu Mn Mg Cr Zn Ti
1 1.09 |0.21 0.45 0.21 0.95 0.18 0.01 [0.017
2 092 |0.28 0.46 0.17 1.06 0.19 0.02 |0.025

[0061] In the experiments, grain size analysis was performed on the disc slope only. The
grain size is the average length of a grain. The experiments did not include collecting data on a
fraction of recrystallized and unrecrystallized grains in the disc. Fatigue tests were also
performed on each alloy, where fatigue life is an estimate based on Accuride Test Standard CE-
006 (which follows SAE J267). The grain size analysis data for each test alloy is shown in Table

2, below.

Table 2. Experimental results for the test alloys in Table 1. Failure was noted in Table 2 by the
locations where they occurred, namely: CC = concave, HH = hand hole; TR = disc to rim

transition under the bead seat.

Forging Grain | Estimated
Test Alloy Temperature size | Fatigue Life | Failure Mode
(°C) (mm) (cycles)
454 25.4 516,667 CC-HH-TR
1 427 5.33 683,333 CC-HH-TR
371 2.03 933,333 CC-HH-TR
454 193 333,333 CC-HH-TR
5 427 4.83 633,333 CC-HH-TR
399 3.81 966,667 CC-HH-TR
371 1.27 1,100,000 CC-HH-TR

[0062] As is shown in Table 2 above, generally, as forging temperature increases, so too
does grain size. Additionally, as grain size decreases, estimated fatigue life improves. Without
being bound by a particular theory, it is believed that the transition in performance for both test
alloys at higher temperatures is associated with a combination of grain coarsening and the
stabilization of fine grains.

[0063] FIG. 3 shows photographs of experimental results from etching the two test alloys 1
and 2 at 371°C, 399°C, 427°C, and 454°C. Etching was performed by (1) uniform grinding with
120 grit SiC and (2) 5 minutes in solution of 300 mL H,0, 75 g FeCls, 450 mL HNO3, and 150

10
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mL HCI at room temperature. As shown in FIG. 3’s photographs of Alloy 1 and Alloy 2 at
454°C, there is grain coarsening and stabilization of fine grains. For alloys forged at
temperatures less than 400°C, grains in the disc portion were less than 4.0 mm long and
displayed medium recrystallized grain structure. Also, for Test Alloy 2, a desired grain structure
of no greater than 4.0 mm grain length can be achieved when forging at a temperature of no
greater than 399°C.

B. Experimental Performance Compared to Available Wheels
[0064] Experiments were performed on wheels with example alloys to compare alloys
disclosed and contemplated herein with commercially available wheels. Specifically, five wheels
were analyzed for grain structure and fatigue performance. Each wheel was an industry standard
22.5inch x 8.25 inch (57.15 cm x 20.955 cm) hub piloted wheel. Compositions and wheel

weights for each of the five wheels are provided in Table 3, below.

Table 3. Compositions and wheel weights for tested wheels.

Test |Standard| Weight Composition (wt. %)

Wheel (kg) Si Fe Cu Mn Mg Cr Zn | Ti
A AA6361 181 10.6-09]0.40]0.20-0.50{0.10-0.20|1.0-1.4/0.10-0.30| 0.25 | 0.15
B AA6001 263 |040-08| 0.7 |0.15-040| 0.15 [0.8-1.2/0.04-0.35[025]0.15
C AA6001 213 1040-08] 0.7 |0.15-040| 0.15 |0.8-1.2/0.04-0.35|025]0.15
D AA6001 20.4 1040-08| 0.7 |0.15-040| 0.15 |0.8-1.2/0.04-0.35|025]0.15
E AA6099 181 |08-12]07]0.10-0.7[0.10-040]|0.7-12]0.04-0.35|0.25|0.10

[0065] FIG. 4 shows grain structures for each test wheel after etching, where F = fine grains
(those less than 0.4 mm), M = medium grains (those between 0.4 mm and 4 mm), and C = coarse
grains (those greater than 4 mm). Etching was performed by (1) uniform grinding with 120 grit
SiC and (2) 5 minutes in solution of 300 mL H,O, 75 g FeCls, 450 mL. HNOs, and 150 mL HCI
at room temperature. FIG. 4 shows that Test Wheel E is the only Test Wheel having medium
grain size structure. In addition, Test Wheel E shows medium grain size structure throughout the
disc portion of the wheel.

[0066] FIG. 5 shows fatigue performance of each of the test wheels listed in Table 3, where
the fatigue performance is an average of at least two wheels. Wheel weights (in kg) are listed

above each bar graph. Fatigue performance was obtained using Accuride CE-006 (which follows

11
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SAE J267). Test wheel E has the best fatigue performance of the five test wheels, and
significantly better performance than test wheel A that is the same wheel weight.

[0067] FIG. 6 shows fatigue performance for test wheel E but manufactured with two
different alloys (AA6061 and AA6099). These wheels were forged at similar temperatures and
both exhibited medium recrystallized grain sizes of less than 4 mm. Fatigue performance was
obtained using Accuride CE-006 (which follows SAE J267). The values shown in FIG. 6 are
averages for 12 or more wheels. Improved performance of wheel E with AA6099 over wheel E
with AA6061 can be attributed to, without being bound by any particular theory, high strength
from Cu, Si, and Mg; better grain structure control with higher Mn; and/or improved resistance
to fatigue crack propagation with higher Mg.

[0068] FIG. 7 shows fatigue performance, as it specifically relates to corrosion behavior, for
test wheel E and test wheel A when subjected to ASTM B368 (a 12 hr copper acetic acid salt
spray (CASS) test) followed by a radial wheel fatigue test per Accuride CE-006. Comparing the
results of test wheel A in FIG. 5 with the results shown in FIG. 7, without being bound by any
particular theory, it appears that the failure mode of test wheel A was intensified when the wheel
was exposed to CASS-fatigue. Again without being bound by any particular theory, it appears
that poor grain structure control influenced wheel fatigue performance for both corroded and

non-corroded wheels.

C. Experimental Example of a Closed Die Forging Process for AA6061 and
AA6099

[0069] An experimental example evaluated required forces needed to form a wheel profile
during the forging operation. In particular, a wheel profile was formed using an alloy known as
AA6061 and an alloy known as AA6099. The alloy AA6061 included 0.4%-0.8% silicon,
0.15%-0.4% copper, 0.15% manganese, 0.8%-1.2% magnesium, 0.04%-0.35% chromium, 0.7%
iron, 0.25% zinc, 0.15% titanium, and the balance aluminum, by weight percent. The alloy
AA6099 included 0.8%-1.2% silicon, 0.1%-0.7% copper, 0.1%-0.4% manganese, 0.7%-1.2%
magnesium, 0.04%-0.35% chromium, 0.7% iron, 0.25% zinc, 0.1% titanium, and the balance
aluminum, by weight percent.
[0070] FIG. 8 shows a tonnage — stroke plot depicting the required forces needed to form the

wheel part during this step in the operation. These data were obtained from the forging press
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during forming of the part, and show that the forces required to form the forged part are not
significantly different when comparing AA6099 and AA6061, thereby showing that the
formability is similar for the two alloys. This is further supported by the flow stress curves as
shown in FIG. 9, which can be used to characterize the formability of a specific material.
Whereas the tonnage curve includes other variables such as die temperature, forging lubricant
and die geometry, flow stress data typically do not include these variables and the flow stress
data were obtained by taking small compression samples from cast billet stock, heating them to
the forming temperature and testing them on a laboratory scale press. These data further support
the conclusion that the formability and flow stress for alloys AA6099 and AA6061 are

comparable under similar hot deformation parameters.

D. Experimental Grain Structure Analysis for Different Levels of Cr and Mn
[0071] Three different alloy compositions were tested with varying levels of Cr and Mn. It
will be appreciated that other components’ weight percentages are slightly different because of
normal production variance. The three compositions, having low Cr and Mn, medium Cr and
Mn, and high Cr and Mn, relatively, are provided in Table 4 below. The Medium alloy has the
composition of AA6099.

Table 4. Compositions of “low Cr and Mn”, “medium Cr and Mn”, and “high Cr and Mn” alloys

tested.
Alloy Si Fe Cu Mn Mg Cr Zn Ti
Low 0.9 0.26 0.43 0.07 0.98 0.05 0.01 | 0.05
Medium 095 |0.26 0.45 0.17 1.02 0.18 0.02 | 0.03
High 087 ]0.25 0.43 0.32 0.98 0.20 0.01 | 0.03

[0072] Each of the low, medium, and high alloys were forged at five different forging
temperatures between 371°C and 482°C on conventional closed die forging presses. Specifically,
the alloys were forged at 371°C, 399°C, 427°C, 454°C, and at 482°C. Trial data suggests that
flow stress and press tonnage increases as Cr and Mn concentrations increase. Spin, heat treat,
and machining processes were the same for each of the low, medium, and high alloys. The

following analyses were performed: three radial fatigue tests on wheels for each
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alloy/temperature combination; macrostructure; tensile properties; and microstructure at disc

mounting face, disc slope and rim drop center.

[0073]

PCT/US2018/065511

Table 5 below provides various characteristic data of the billets for each alloy.

Table 5. Billet characteristic data for the alloys in Table 4.

Al-Fe-Si Mg,Si
Grain : L : A2t Surface Shell
. . . Size Vol. Size Vol. ISZ
Alloy | size | Porosity | Inclusions Zone
(um) (um) | Fract. | (um) | Fract. | depth (um)
" LIW| (%) | L]W]| () | m [
100 mm
Low 52 <1% Al-Fe-Si [ 30 |17 15 [31]19 0.3 122 381
Med 54 <1% None 32 [ 1.7 14 (40|23 0.7 208 353
(1) 75 x
High 54 <1% 25 um 34 119 22 123]13 0.4 108 321

Table 6. Chemical composition of the elements comprising the Al-Fe-Si 2™ phase constituent

particles from Table 5.

at. %
Al Fe Cu Si Cr Mn Fe+ Cr+ Mn
Low 71.4 13.8 0.9 12.6 0.5 0.7 15.1
Medium 79.4 9.4 1.2 6.2 1.2 2.6 13.3
High 76.9 4.9 0.5 9.6 2.5 5.6 13.0
[0074] As the manganese and chrome increase in the alloy, the fraction of these elements

increases inhomogenously in the Al-Fe-Si, 2™ phase constituent particles, and more of these

particles form (higher volume fraction in Table 5). It is theorized that this causes a reduction in

available Si for the formation of the strengthening phases that are comprised of Mg-Si and Al-

Mg-Si-Cu particles. Further, it is theorized that when the amounts of manganese and chromium

in the alloy are low, the volume fraction of Al-Fe-Si is lower, but the concentration of Si in the

phase is higher. It is theorized that this will limit the free silicon needed to form the

strengthening precipitates.

[0075]

Dispersoids of each billet were also measured. The dispersoids were measured in the

center of grains. Table 7 shows the experimental results. Spacing is calculated as 1/distribution.

The “high” billet dispersoid analyzed was disc-shaped, with a length of 289 nm and a width of

138 nm.
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Table 7. Dispersoids data for the billets in Table 5.

. Dispersoid Distribution .

Billet size (nm) (#/um?) Spacing (pum)
Low 248 0.06 16.7
Medium 226 0.29 3.4
High 214 0.50 2.0

[0076] Figures 10A, 10B, and 10C show micrographs of surfaces of the low, medium, and
high billets. Figures 10A, 10B, and 10C were obtained using a scanning electron microscope
(SEM) set at: extra high tension (EHT) voltage of 20.0 kV, working distance (WD) of 5.0 mm,
magnification 20,000 X . Dispersoids 402, 404, and 406 are labeled in Figures 10A, 10B, and
10C. Not all dispersoids are labeled. It can be seen from Figures 10A, 10B, and 10C that as the
Cr and Mn increases, the quantity of dispersoids also increases.

[0077] Figures 11A, 11B, and 11C show optical micrographs of etched surfaces of the low,
medium, and high billets. Figures 11A, 11B, and 11C were obtained using the following method.
First, a sample was metallographically polished with final colloidal silica (0.04 um) polish. Then
a swab etch with Keller’s reagent (2 ml HF, 3 ml HCL, 5 ml HNOs, 190 ml H,O) was performed
for approximately 1 minute. Then optical microscopy and grain size measurements were
performed by ASTM E112 line method in the horizontal (length) and vertical (width) directions.
[0078] During etching, the dispersoids disappear and create pitting. It can be seen from
Figures 11A, 11B, and 11C that the amount of pitting increases as the Cr and Mn increases.
[0079] Grain size was determined for each of the three alloys at the five different forging
temperatures, shown in the graph in FIG. 12. Generally, grain length increased with higher
preheat temperatures for each of the three alloys. Acceptable radial fatigue at the hand hold and
the edge of nut (EON) positions was observed for alloys having average grain lengths greater
than 0 mm and no greater than 4 mm.

[0080] A percent of fine grains for each of the three alloys was also determined at three
wheel locations. FIG. 13 shows a fraction of fine grains in the slope of the wheel. FIG. 14 shows
a fraction of fine grains in the mounting area of the wheel. Without being bound by a particular
theory, it appears that having a high percentage of fine grains in the mounting area resulted in

worse fatigue performance. For instance, acceptable radial fatigue in the mounting area was
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observed when the fraction of fine grains in the mounting area was no greater than 50%. FIG. 15
shows a fraction of fine grains in the disc portion of the wheel. FIG. 16 is a micrograph of one of
the alloys, where grain 902 is an example of medium grain and grain 904 is an example of fine
grain.

[0081] Radial fatigue cycles-to-failure experiments were also performed on wheels for the
three alloys forged at five different temperatures. FIG. 17 is a logarithmic plot showing the
number of cycles-to-failure for wheels made with the three alloy compositions forged at five
different temperatures.

[0082] Area 1002 shows forging temperatures and composition ranges where closed side
flange cracks were observed, possibly because of coarse grains. Area 1004 shows forging
temperatures and composition ranges where mounting face cracks were observed, possibly
because the grains were too fine. Area 1006 shows forging temperatures and composition ranges
where hand hole cracks were observed, possibly because the grains were too coarse.

[0083] As an example, closed side flange cracks were observed in the “medium” alloy wheel
forged at 371°C. In the “low” alloy wheel forged at 371°C, medium recrystallized grains were
observed and there were no closed side flange cracks after the same number of cycles that caused
the “medium” alloy at 371°C to crack. Edge of nut cracks were observed in the “high” alloy
forged at 427°C. Hand hole cracks were observed in both the “low” alloy forged at 454°C and
the “medium” alloy forged at 371°C. Based on these experimental data, without being bound by
a particular theory, it appears that forging the “low” alloy at temperatures of at least 371°C but

less than 427°C provides the best fatigue performance.

E. Experimental Grain Structure Analysis for Different Levels of Fe and Mn
[0084] Experimental example composition alloys were manufactured and tested to analyze
different levels of Fe and Mn and to evaluate resulting grain structures. More specifically, five
different test compositions were manufactured and forged at a temperature of 427°C. Grain size
analysis was performed on each test composition, which included determining an average grain
length and an average grain width, both in millimeters (mm). The five test compositions and the

determined average grain sizes are provided in Table 8, below.
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Table 8. Grain size analysis for different amounts of Fe + Mn.

Composition (wt. %) Grain size (mm)
Si | Fe | Cu|Mn|Mg| Cr |Zn | Ti |[FetMn|Length| Width

Test

1 10.90(0.26]0.43|0.07[0.98|0.05[0.01|0.05| 0.33 3.31 0.31

2 10.89]0.19]0.43{0.06{1.02|0.07]|0.02/0.02| 0.25 4.24 0.40

3 10.88/0.18[0.41]0.06[1.02{0.06/0.02|0.02| 0.24 4.64 0.42

4 10.88(0.16]0.36{0.06|0.96|0.07|0.01|0.03| 0.22 5.10 0.42

5 10.86(0.16(0.36[0.06[0.96]0.07]0.01]0.03| 0.22 4.71 0.39

[0085] FIG. 18 is a plot showing grain length (mm) as a function of Fe+Mn content in
weight percentage (wt. %). Without being bound by a particular theory, it appears that in order to
obtain alloys having average grain lengths no greater than 4.0 mm, Fe+Mn wt% should be no
less than 0.28 wt %. Experimental results also indicate that when Fe+Mn content is more than

0.45 wt%, undesirable fine grains are stabilized.

F. Experimental Grain Structure Analysis for Higher Temperatures
[0086] Experimental example wheels were manufactured and tested for grain size and
fatigue performance. Wheels having the composition in Table 9 were forged at 399°C, 427°C,
and 454°C. A total amount of Fe and Mn in the alloy was 0.28 wt. %.

Table 9. Example alloy tested at various forging temperatures.

Si Fe Cu Mn Mg Cr Zn Ti

Component (wt. %)| 091 | 0.18 0.39 0.10 1.02 0.06 0.01 | 0.02

[0087] In the experiments, grain size analysis was performed on the disc slope only. The
grain size is the average grain length and average grain width. Fatigue tests were also performed
on each alloy, where fatigue life is an estimate based on Accuride Test Standard CE-006 (which
follows SAE J267). The grain size and fatigue life data for each wheel alloy is shown in Table
10, below.
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Table 10. Experimental radial fatigue life results for wheels manufactured with the test alloy in

Table 9.

Forging Disc slope grain size (mm) Radial Fatigue
Temperature (°C) | Length Width Aspect ratio | Life (cycles)
454 5.97 0.38 16 1,283,333
427 5.46 0.30 18 1,483,333
399 4.45 0.29 15 1,766,666

[0088] As shown in Table 10, wheels having average grain lengths in the disc slope greater
than 4.00 mm but less than 6.00 mm display improved radial fatigue life. Thinner grains appear
to provide good fatigue performance for wheels forged at temperatures at or above 427°C.
[0089] For the recitation of numeric ranges herein, each intervening number therebetween
with the same degree of precision is contemplated. For example, for the range of 6-9, the
numbers 7 and 8 are contemplated in addition to 6 and 9, and for the range 6.0-7.0, the numbers
6.0,6.1,62,63,64,65,6.6,67,6.8,609, and 7.0 are contemplated. For another example, when
a pressure range is described as being between ambient pressure and another pressure, a pressure
that 1s ambient pressure is expressly contemplated.

[0090] It is understood that the foregoing detailed description and accompanying examples
are merely illustrative and are not to be taken as limitations upon the scope of the disclosure.
Various changes and modifications to the disclosed embodiments will be apparent to those
skilled in the art. Such changes and modifications, including without limitation those relating to
the chemical structures, substituents, derivatives, intermediates, syntheses, compositions,
formulations, or methods of use, may be made without departing from the spirit and scope of the

disclosure.
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CLAIMS

What is claimed is:

1. An aluminum alloy comprising, by weight:
0.80% to 1.20% silicon;
0.08% to 0.37% iron;
0.35% to 0.55% copper;
0.07% to 0.37% manganese;
0.70% to 1.20% magnesium;
0.05% to 0.11% chromium;
no more than 0.20% zinc; and
no more than 0.05% titanium,
and the balance of weight percent comprising aluminum and incidental elements and

impurities.

2. The aluminum alloy according to claim 1, wherein a total amount of iron and manganese

is no less than 0.28% by weight.

3. The aluminum alloy according to claim 1, wherein the total amount of iron and

manganese is no greater than 0.45% by weight.

4. The aluminum alloy according to claim 3, wherein the total amount of iron and

manganese is no less than 0.30% by weight and no greater than 0.37% by weight.
5. The aluminum alloy according to claim 1, further comprising a plurality of aluminum
alloy grains, the plurality of aluminum alloy grains having an average grain length that is no

greater than 6 millimeters (mm).

6. The aluminum alloy according to claim 5, wherein the plurality of aluminum alloy grains

have an average grain width that is no greater than 0.4 mm.
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7. The aluminum alloy according to claim 6, wherein the average grain length is no greater

than 4 mm and wherein the average grain width is no greater than 0.3 mm.

8. The aluminum alloy according to claim 1, further comprising dispersoids, a dispersoid

distribution in the aluminum alloy being no greater than 0.2 per um”.

0. An aluminum wheel having a rim and a disc, the aluminum wheel formed of an
aluminum alloy comprising, by weight:

0.80% to 1.20% silicon;

0.08% to 0.37% iron;

0.35% to 0.55% copper;

0.08% to 0.37% manganese;

0.70% to 1.20% magnesium;

0.05% to 0.11% chromium;

no more than 0.20% zinc; and

no more than 0.05% titanium,

and the balance of weight percent comprising aluminum and incidental elements and

impurities.

10. The aluminum wheel claim 9, wherein the aluminum alloy has a total amount of iron and

manganese no greater than 0.45% by weight.

11.  The aluminum wheel according to claim 10, wherein the total amount of iron and

manganese is no less than 0.28% by weight.

12, The aluminum wheel according to claim 11, wherein the total amount of iron and

manganese is no less than 0.30% by weight and no greater than 0.37% by weight.
13. The aluminum wheel according to claim 9, the disc further comprising a plurality of

aluminum alloy grains, the plurality of aluminum alloy grains having an average grain length

that 1s no greater than 6 millimeters (mm).
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14. The aluminum wheel according to claim 13, wherein the aluminum alloy grains have an

average grain width that is no greater than 0.40 mm.

15. The aluminum wheel according to claim 13, wherein the disc has a disc area, the disc

area including less than 50% by area fraction of fine grains.

16. A method for making an aluminum alloy, the method comprising:
receiving an aluminum alloy billet, comprising, by weight:
0.80% to 1.20% silicon;
0.08% to 0.37% iron;
0.35% to 0.55% copper;
0.08% to 0.37% manganese;
0.70% to 1.20% magnesium;
0.05% to 0.11% chromium;
no more than 0.20% zinc; and
no more than 0.05% titanium,
and the balance of weight percent comprising aluminum and incidental elements
and impurities; and
forging the aluminum alloy billet at a temperature no less than 275°C and no greater than

460°C.

17. The method according to claim 16, wherein forging the aluminum alloy billet includes

using a closed die forging press to form a pre-machined disc portion of the wheel.

18. The method according to claim 16, the temperature being no less than 370°C.

19. The method according to claim 18, the temperature being no greater than 425°C.

20.  The method according to claim 17, wherein a total amount of iron and manganese is no

less than 0.28% by weight and no greater than 0.45% by weight.

21



PCT/US2018/065511

WO 2019/139723

117

]

(1Y J01id)
VI ‘DI4

(11y 401id)
g1 ‘ol

v

4



WO 2019/139723 PCT/US2018/065511
2117

FIG. 2



O

WO 2019/139723

D

fi;

317

PCT/US2018/065511

FIG. 3



WO 2019/139723 PCT/US2018/065511

FIG. 4




¢ 1 ¢ —



0000000000000

11111111111111111

OOOOOOOOOOO
OOOOOOOOO

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

FIG. 6




000

+ 020 =
S,
+ oo 5
=
+ 090 =
(o]
<
+ 080 2

+ 00T B

0C'1




8 'Ol

PCT/US2018/065511

8/17

() 2Moas
9.9 159 979 109 9.9 1SS 9zs T0S

0001

0007

000¢

000Y

0005

T909VY 0009

0004

WO 2019/139723

{suo] sriap ) 98euuo]




PCT/US2018/065511

WO 2019/139723

97

oL

6 ‘Old

{tuwuaw) e snag

20 90 v A 00
i td 1 3 Q
L o1
Y4
0f
TO09VY mewenm
6609VY ~ -~ - O
::::: - - 0%

174

{edin) ssoans andgg






PCT/US2018/065511

WO 2019/139723

11/17

ILT "OId

gI1 "Oid




Grain Length in Slope {mm}

WO 2019/139723 PCT/US2018/065511

i3

12

10

12117

300 350 480 450 500

Preheat Temperature {°C)

FIG. 12



WO 2019/139723 PCT/US2018/065511
13/17

Forging Preheat Temperature {"C}

&
E
=
2
b
o

- {3 Standard
h

LB S~ B <~ SR~ T o [ o N v T o S B
L2 40 80 N WO s M A e

{eaie 5) sdo}S LI SUIRID JUL JO UOHIRIY

FIG. 13



WO 2019/139723 PCT/US2018/065511
14/17

450

400
Forging Preheat Temperature {"C}

350

- 1 Standard

{eaur o)

FIG. 14



WO 2019/139723 PCT/US2018/065511
15/17

400
Forging Preheat Temperature {°C)

-
¥,
S © B
S g 2
- "
2 5 o
- I
oo«

{eaue

FIG. 15



PCT/US2018/065511

WO 2019/139723

16/17

91 ‘Oid




PCT/US2018/065511

WO 2019/139723

17117

L1 'Old

{1, ) aamesadway 3uiBioyg

05¢% 00% Osv 00 0s¢ 00
................................................................................................. ................................................................................................. m m.*.w * .N

90+3'T

¢N) aanjie4 03 sapA) ansieq jeipey




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 18/65511

A. CLASSIFICATION OF SUBJECT MATTER

IPC(8) - B23K 35/02, B23K 35/28, C22C 21/02 (2019.01)

CPC - B23K 1/00, B23K 1/0012, B23K 1/20

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

See Search History Document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X US 2014/0096878 A1 (Sumitomo Light Metal Industries, Ltd.) 10 April 2014 (10.04.2014) Entire | 1-4
- document, especially abstract, para [0014], [0034] and [0080] e

Y 5-15

Y US 2014/0166165 A1 (AISIN KEIKINZOKU CO., LTD) 19 June 2019 (19.06.2014) Entire 5-7,13-15
document, especially para [0021] and [0063]

Y US 2016/0115575A1 A1 (NOVELIS INC.) 28 April 2016 (28.04.2016) Entire document, 8
especially para [0068]

Y US 7,314,255 B2 (Wang) 01 January 2008 (01.01.2008) Entire document, especially abstract 9-15
and col 2, In 52-53 and col 4, In 14,

A US 2014/0366997 A1 (ALCOA, INC.) 18 December 2014 (18.12.2014) Entire document. 1-15

[:I Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

15 February 2019

Date of mailing of the international search report

07 MAY 2019

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774




INTERNATIONAL SEARCH REPORT I ; T
nternational application No.

PCT/US 18/65511

Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:I Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows: .
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive

concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: claims 1-15 directed to an aluminum alloy and use.
Group Il claim 16-20 directed to a method for making an aluminum alloy.

The inventions listed as Groups I-Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special technical features:

Continue on the first sheet.

1. E] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest [:l The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US 18/65511

Continuation of Box Il
Group | requires an aluminum alloy which is not required by Group II.

Group Il requires forging the aluminum alloy billet at a temperature no less than 2757C and no greater than 460?C which is not required
by Group L.

Shared technical features:

Groups | and Il share the technical feature of 0.80% to 1.20% silicon; 0.08% to 0.37% iron; 0.35% to 0.55% copper; 0.08% to 0.37%
manganese; 0.70% to 1.20% magnesium; 0.05% to 0.11 % chromium; no more than 0.20% zinc; and no more than 0.05% titanium,
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zirconium, or mixtures thereof, and may be present in the alloys disclosed herein in amounts totaling no more than 1 % para [0034]
‘Incidental elements and impurities in the disclosed alloys may include, but are not limited to, nickel, vanadium, zirconium, or mixtures
thereof, and may be present in the alloys disclosed herein in amounts totaling no more than 1 %' ), and impurities (para [0014]
‘unavoidable impurities').

Groups |-l therefore, lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.
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