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Introduction

Market projections indicate that a substantial potential
demand exists for a high-speed civil transport (HSCT) to operate
in the long-range international market. Preliminary design and
technology development efforts are underway to better understand
all requirements including the technical and economic feasibility
of the HSCT. Ongoing studies show airplanes designed to fly
between Mach 2.0 and 2.5, with a capacity of 250 to 300 passengers
and a range of at least 5000 nmi, have the best opportunity of
meeting the economic objectives. The key critical development
issue for an economically viable HSCT airframe will be the
development of materials and processes which allow a complex,
highly-stressed, extremely weight-efficient airframe to be
fabricated and assembled for a dollar-per-pound not greatly
different than today’s mature airframes. Considering challenges
in environmental control, propulsion, and materials technologies,
it is believed that an acceptable aircraft could be certified for
airline service in 2005.

The present study titled “Aluminum-Based Materials for High
Speed Aircraft” was initiated to identify the technology needs
associated with advanced, low-cost aluminum base materials for use
as primary structural materials. Using a reference baseline
aircraft, these materials concepts will be further developed and
evaluated both technically and economically to determine the most
attractive combinations of designs, materials, and manufacturing
techniques for major structural sections of an HSCT. Once this
has been accomplished, the baseline aircraft will be resized, if
applicable, and performance objectives and economic evaluations
made to determine aircraft operating costs.

The two primary objectives of this study are: (1) to
identify the most promising aluminum-based materials with respect
to major structural use on the HSCT and to further develop those

materials, and (2) to assess these materials through detailed



trade and evaluation studies with respect to their structural

efficiency on the HSCT.



TASK 1. I/M 2XXX and 6XXX ALLOY DEVELOPMENT

Principal Investigator, Alcoa: Dr. L.M. Angers

Principal Investigator, Boeing: Dr. W.E. Quist

Principal Investigator, Douglas: Mr. R. Kahandal

UVa Contact: Dr. E.A. Starke, Jr.
aAbstract

Four classes of aluminum alloys have been investigated as
candidates for the lower wing and fuselage of a high speed
aircraft. Three of these classes, e.g., I/M 2XXX, I/M 6XXX and
P/M 2XXX alloys, were targeted at a Mach 2.0 aircraft while the
fourth type, e.g., P/M Al-Fe-Ce-Mg, was targeted at a Mach 2.4
aircraft. All were produced as 0.125" thick sheet. Of the
Mach 2.0 candidates, the best strength/plane stress toughness
combination was achieved in a P/M alloy having the composition Al-

5.72 Cu-0.54 Mg-0.31 Mn-0.51 Ag-0.57 Zr-0.1V. That alloy achieved
a tensile yield strength of 74 ksi at a K. of 126 ksi v in. The

best I/M 2XXX alloy, Al-5.75 Cu-0.52 Mg-0.30 Mn-0.49 Ag-0.16 Z2r-
0.09V achieved a tensile yield strength of 70 ksi at a K. of 110

ksi v in. Since the alloys are similar in composition except for

the higher Zr content of the P/M alloy, the difference in
strength/plane stress fracture toughness combination may be due to
grain structure differences, i.e., the P/M sheet was predominantly
unrecrystallized while the I/M sheet was recrystallized. The
hardnesses and strengths of all the I/M 6XXX alloys were too low
to warrant further study. The best I/M 2XXX alloys have been
chosen for further investigation.

Although Mg additions to the P/M Al-8 Fe-4 Ce alloy resulted
in greater work hardenability, the plane stress fracture toughness
was reduced. For the Al-8 Fe-4 Ce-0.5 Mg alloy, the best
strength/plane stress fracture toughness combination was achieved
in product forms receiving the highest degree of thermomechanical

processing. Furthermore, the greatest crack growth resistance and



the most stable crack growth was measured in specimens that were
tested at low crosshead speeds.

Some characterization of 0.125" thick sheet of
discontinuously reinforced metal matrix composites was also
carried out in the current program since these materials are
considered as candidates for the upper wing of a high speed
aircraft. Variations in rolling practice did not produce
significant differences in strength/plane stress fracture
toughness combinations. 1In the composites having a 2XXX-T6 matrix

and 20% SiC, tensile yield strengths varied from 70 to 76 ksi,

while all K. values were less than 30 ksi ¥ in. Higher toughnesses

and lower strengths were obtained for composites having a 6113-T6
matrix.

Preliminary studies of the effects of stressed and unstressed
elevated temperature exposure on residual strengths were also
conducted for three materials: 2519-T87, 2080/S1C/20p and
6013-T6. All materials were degraded as a result of exposures at
300°F, however, stresses of 18 ksi did not enhance degradation in

any of the materials.



Subtask 1A, I/M 2XXX Alloy Development (Alcoa)

Principal Investigator: Dr. L.M. Angers
Senior Engineer: Dr. G. Dixon
obiect i

The primary objective of this task is to develop a damage
tolerant aluminum based material for the lower wing and fuselage
of a Mach 2.0 aircraft. This material must first meet preliminary
strength and toughness targets at room temperature and then
several criteria associated with elevated temperature service
(e.g., retention of room temperature properties after exposure,
performance at the operating temperature and resistance to creep
deformation) .

The ingot metallurgy (I/M) 2XXX alloys are under
consideration here because existing Al-Cu-Mg alloys combine

relatively high strengths with good thermal stability.

Background

A series of four alloys were selected to explore the effects
of trace element additions in 2519. Specifically, the effects of
Mg, Si and Ag on precipitation were of interest. During the first
reporting period (1), these alloys were cast as 6" thick x 16"
wide x 60" long ingots, stress relieved in an 850°F furnace and

preheated. Their actual compositions in weight percent were:

689245: Al-5.71 Cu-0.18 Mg-0.29 Mn-0.15 Zr-0.09 V-0.05 Fe-0.06 Si
689246: Al-5.78 Cu-0.22 Mg-0.29 Mn-0.14 Zr-0.09 V-0.06 Fe-0.25 Si
689247: Al-5.83 Cu-0.52 Mg-0.30 Mn-0.14 Zr-0.10 V-0.05 Fe-0.05 Si

689248: Al-5.75 Cu-0.52 Mg-0.49 Ag-0.30 Mn-0.16 2r-0.09 V-0.06
Fe-0.05 Si.

Alloys 689245 through 689248 were designed to study the
effects of Mg, Si and Ag on precipitation in 2519-type alloys.



Note that alloy 689245 is the 2519 control, alloy 689246 contains
excess Si, alloy 689247 contains excess Mg and alloy 689248
contains combined additions of Mg and Ag. Alloy 2519 was chosen
as a baseline since recent data suggest that it has a promising
strength/plane stress toughness combination when compared to 2024-
T3 and 6013-T6. Furthermore, 2519-T87 has a significantly higher
tensile yield strength than either of the other two alloys. Si,
Mg and Ag were all expected to provide further improvements in
strength.

Two additional alloys were selected by Professor E.A. Starke
for evaluation by University of Virginia researchers. The alloys,
whose nominal compositions are Al-4.2 Cu-1.2 Li-0.08 In-0.15 Z2r
and Al-4.2 Cu-1.2 Li-0.15 Zr were designed to examine the role of

In as a nucleation aid for the relatively stable T; plates.

BProcedure
(a) 2519 VvVariants

The four I/M 2519 variants were rolled to sheet, using a
combination of cross rolling and straight rolling. Preheated
rolling sections were initially heated to 825°F and reheated
whenever surface temperatures reached about 750°F. Twelve passes
and two reheats were used to produce sheet having a width of 17"
and a thickness of 0.125".

A set of sheet samples were heat treated, stretched 8% and
artificially aged at 350°F to produce T8-type tempers. Aging
times of 1, 3, 8 and 24 hr were selected for all alloys. In
addition, a set of sheet samples were heat treated, stretched less
than 1% in order to straighten the sheet, and artificially aged at
350°F to produce T6-type tempers. Aging times of 2, 8, 16 and 48
hr were selected for all alloys.

The solution heat treatment temperatures varied for the four
alloys. These temperatures were chosen based on differential

scanning calorimetry on preheated ingot samples.



Solution Heat

S. No. Alloy Description Temperature (°F)
689245 2519 control 995
689246 High Si 2519 990
689247 High Mg 2519 985
689248 High Mg 2519 + Ag 985

Rockwell B hardness and electrical conductivity measurements
were taken for each of the four aging times. Optical
metallography and Guinier X-ray diffraction were done on samples
aged to peak hardness. Additional preheating studies using
optical metallography and thermal analysis were carried out on S.
Nos. 689247 and 689248, in order to determine whether maximum
solid solubilities for Cu and Mg had been exceeded in these
alloys.

Two longitudinal tensile samples were prepared for each alloy
and aging condition. One tensile sample was used-to generate
complete stress-strain curves, the other to obtain precise wvalues
for tensile yield strength and ultimate tensile strength. A
single L-T 6.3" x 20" center crack panel and two L-T Kahn tear
samples were prepared for each alloy and condition.

Once the aging time required to reach peak strength was
determined, peak aged T8-type samples were subjected to a Mach 2.0
simulation of 600 hr at 300°F. Two longitudinal tensile samples
and a single L-T 6.3" x 20" center crack fracture toughness panel

were tested from these samples.

(b) Li-bearing Alloys
Four 2" x 10" x 14" Al-Cu-Li-Zr-(In) ingots were cast for
University of Virginia researchers. These alloys are 2020

variants which utilize Zr for grain structure control. Two ingots



contain In additions as nucleation aids and two do not. Their

actual compositions are given below.

_S. No., Cu Li ln Zr Fe Si
725036-A 4.04 1.2 0.09 0.15 0.05 0.04
725036-B 4.06 1.21 0.09 0.16 0.04 0.05
725037-A 4.08 1.26 <0.005 0.15 0.04 . 0.06
725037-B 4.01 1.24 <0.005 0.16 0.04 0.05

Differential scanning calorimetry on one of the ingots, S.
No. 725036-A, indicated that the onset temperature for the
eutectic melting reaction was at 969°F. Therefore, ingots were
preheated for 24 hr at 960°F prior to rolling in order to dissolve
soluble constituent.

All four ingots were heated to 800°F. One ingot of each
composition was rolled to 1.0" thick plate using three passes.
The other ingot of each composition was rolled to 0.125" thick
sheet using seven passes and two reheats.

All plate and sheet were provided to University of Virginia

researchers.

R 14 And _Di .
(a) 2519 Variants

Rockwell B hardness and electrical conductivity measurements
as a function of T8 aging time are presented in Table I. Hardness
and electrical conductivity values represent averages from 5 and 2
readings, respectively.

Figure 1 shows how Rockwell B hardness values varied for the
four alloys. The highest hardnesses were achieved in the Ag-
bearing variant of 2519 (S. No. 689248); however, a significant

hardness advantage over the 2519 control (S. No. 689245) was also



achieved in the high Mg variant (S. No. 689247).

Differential scanning calorimetry (DSC) data, e.g., onset
temperatures, maximum temperatures and areas of reactions, from
preheated ingot and T8-type sheet are presented in Table II. A
single eutectic melting reaction occurs in all of the preheated
ingot and T8 sheet samples. The reaction of interest, L — Al (ss)
+ Al,Cu, begins at temperatures of 989°F or higher in the preheated
samples. Since the maximum temperature seen during preheating by
all four variants was 985°F, there should have been no eutectic
melting in any of the samples and this was confirmed by optical
metallography. However, there was undissolved O phase in all,
suggesting that the actual compositions are beyond maximum
solubility or that the preheating temperatures used were not high
enough. Similarly, the eutectic melting reaction persists in DSC
data from the solution heat treated and aged samples and
undissolved O phase was seen in optical metallography.

Additional DSC data from further investigation of solution
heat treatment practices for S. Nos. 689247 and 689248 are
presented in Table III. By increasing solution heat treatment
temperature in increments of 5°F, eutectic melting reactions and
solvi were approximated. For §. No. 689247, the eutectic melting
reaction could not be eliminated entirely, indicating that maximum
solid solubility for Cu and Mg has been exceeded. Solution heat
treatments for this alloy must be limited to 990°F in order to
avoid the melting reaction. For S. No. 689248, the reaction L —
Al (ss) + Al,Cu was eliminated if a solution heat treatment
temperature of 995°F or higher was used, suggesting that the
solvus is between 990°F and 995°F and that solid solubilities have

not been exceeded for this composition. The second melting



reaction which appears in S. No. 689248 probably involves the
Al,oCu,Mn; phase and is not a concern since it is not necessary to
eliminate that reaction. Furthermore, it is at a high enough
temperature that we can avoid it during solution heat treatment.

The grain structures of sheet from the 2519 variants were
fully recrystallized throughout the entire thicknesses of the
sheets. The optical micrographs in Fig.2 show this for two
representative samples: S. Nos. 689247 and 689248 in the T8
temper. This is not surprising since the 2XXX alloys are
frequently recrystallized, especially in thin plate and sheet.

Guinier X-ray diffraction and transmission electron
microscopy results provided information on the dispersoids and
precipitates in the 2519 variants. The results of Guinier X-ray
diffraction on the T8 sheet samples are presented in Table IV.

All of the 2519 variants contain Al,,Cu,Mn; dispersoids and Al,CujFe
constituent. The only sample for which any Zr-bearing phase was
detected by this method was the high Si variant. In that sample,
reflections consistent with a tetragonal Al-Si-Zr phase (2) were
observed. That phase is probably related to AljZr. The L1, or DOj;
forms of Al;Zr were not detected in any of the other samples;
however, this does not necessarily mean neither are present. Both
forms are difficult to detect by this method unless present in
relatively large quantities.

Transmission electron microscopy revealed Al-Cu-Mn and Al-Cu-
zr dispersoids in all of the variants. A representative bright
field micrograph from the T8 temper of S. No. 689248 is shown in
Fig. 3. The Al-Cu-Mn particles tend to be rod-like or equiaxed;
the Al-Cu-Zr phase is frequently cuboidal. The composition of the

Al-Cu-Mn phase is described by Al;oCu;Mn; as suggested by X-ray
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diffraction but the composition of the Al-Cu-Zr phase is unknown.
No structural characterization by TEM was done, although it could
be hypothesized that it is a Cu- modified form of AlsZ2r, e.qg.,
(Al,Cu)3Zr, since there is a precedence for the substitution of Cu
onto the Al sublattice to stabilize the L1, phase. This is
probably the same phase that has been called AlsCuZr, by Pearson.
It has the L1, structure and a lattice parameter of 0.404 nm (3).

Guinier X-ray diffraction data reveals the ' and © phases in
the T8 tempers of all four variants, but the technique does not
distinguish between O phase and Q phase. 1In the Ag-bearing alloy,
S. No. 689248, diffuse background intensity is present at the 6
phase reflections, suggesting that these reflections are due to
fine Q precipitates. Since the X-ray diffraction technique
provides no size information, it is impossible to say whether the
0 phase is present as undissolved constituent, grain boundary
precipitate, etc.

Transmission electron microscopy confirmed the presence of
in the T8 temper of the Ag-bearing alloy, S. No. 689248. The
selected area diffraction patterns for S. Nos. 689247 and 689248
are compared in Fig. 4. The reflections are characteristic of @'
and Q precipitates in S. Nos. 689247 and 689248, respectively.

The results of tensile and toughness testing of sheet of 2519
variants in the T8 and T6 type tempers are presented in Tables V
and VI, respectively. None of the plane stress toughness tests
produced valid K. numbers. All failed the criterion requiring that
the net section stress/tensile yield strength is < 0.8.

Representative true stress-true strain curves are presented
in Fig. 5 for the T6 tempers of sheet from the Ag-bearing alloy,

S. No. 689248. Note that the general shape of the curve does not
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change as the sheet proceeds from an underaged condition to an
overaged condition.

Representative plots of crack growth resistance vs. effective
crack extension (R-curves) are presented in Fig. 6 for peak aged
T8 conditions of sheet from the 2519 variants. Although all K.
values are invalid, they occur before any inflection points in the
R-curves, suggesting that the K. values are conservative.

In T8 type tempers, additions of Mg and combined additions of
Mg and Ag are equally effective in increasing the strength of
alloy 2519. Tensile yield strength is plotted as a function of
aging time at 350°F in Fig. 7 for the sheet which had been
solution heat treated, quenched and stretched 8%. The high Si
variant developed a tensile yield strength equivalent to the 2519
control, while the other two variants developed 10% higher tensile
yield strengths. The rate of overaging in all of the variants was
similar.

In T6 type tempers, combined additions of Mg and Ag are most
effective in increasing the strength of alloy 2519, but additions
of Mg or Si alone also have a strengthening effect. Tensile yield
strength is plotted as a function of aging time at 350°F in Fig. 8
for the sheet which had been solution heat treated and quenched.
The high Si and high Mg variants developed 10% higher tensile
yield strengths and the alloy with both Ag and Mg developed 20%
higher yield strengths than the 2519 control. As in the T8
tempers, the rate of overaging in all of the variants was similar.

The most promising strength/toughness combinations were
obtained in the T8 tempers of the high Mg variant and the high Mg
variant with Ag (Fig. 9). Both alloys exhibited a significant

performance improvement over the 2519 control. When combined with
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the optical metallography results which suggest that constituent
volume fraction can be further reduced to improve toughness, these
strength/toughness combinations are particularly promising.

The T8 and T6 strength/toughness combinations are very
similar for the Ag-bearing alloy, while the T8 strength/toughness
combinations are superior to the T6 combinations for all of the
other variants (Fig. 10).

Losses in strength and toughness occur in the 2519 variants
after a Mach 2.0 simulation of 600 hr at 300°F. Tensile and
toughness data from T8 sheet tested before and after simulation of
Mach 2.0 service are presented in Table VII and Fig. 11. The
greatest losses in strength (about 8%) and toughness (about 15%)
occur in the highest strength alloys, e.g., the high Mg variant
and the high Mg variant with Ag; however, both still have a
strength/toughness advantage over the 2519 control and the high Si
variant. The possibility that reductions in K. and Kipp after
exposure may be due solely to strength loss cannot be ruled out
since all toughness tests were invalidated because of net section
yielding.

Values for unit propagation energies (UPE) from the Kahn tear
test are not a good indication of the plane stress fracture
toughness (see Table V). For a given variant, the highest values
for UPE were measured in samples given a different aging time than
the samples which produced the highest values for K.. In some
instances, very different values for UPE were measured in two
samples in which similar values for K. were measured. Finally, the
alloy that had the highest values for K. (S. No. 689248) had some

of the lowest values for UPE.
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Summazry

. When using the conservative practices suggested by DSC
results, soluble phases were still present in heat treated
and aged sheet. Further heat treating studies indicate that
reduced levels of constituent can be achieved without causing
eutectic melting.

. The grain structures of all sheet samples were
recrystallized, which is not unexpected considering the gage
and the amount of dispersoid forming elements present.

. Two types of dispersoid forming elements were present in all
four 2519 variants: Al,,Cu;Mn; and an Al-Cu-Zr phase. Both
types were several tenths of a micron in size. No L1, AljZr
particles were observed.

. Transmission electron microscopy and X-ray diffraction
indicate that the 2519 control, the high Si variant and the
high Mg variant are strengthened by 6'. The high Mg variant
with Ag is strengthened by €2 phase.

. The best strength/toughness combinations were achieved in T8-
type tempers of the high Mg variant and the high Mg variant
with Ag. The T6 temper of the high Mg variant with Ag had
nearly the same strength/toughness combination as the T8
temper.

. Losses in strength and toughness of the T8 tempers occurred
as a result of Mach 2.0 simulation of 600 hr at 300°F. The
greatest losses occurred in the alloys with the best
strength-toughness combinations, e.g., the high Mg variant
and the high Mg variant with Ag; however, these alloys
maintained an advantage over the 2519 control and the high Si

variant.
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Figure 1. Rockwell B hardness as a function of artificial aging
time for the 2519 variants solution heat treated,
quenched and stretched 8%.
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S. No.

689248, T6-type tempers
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Figure 5.
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extension, Aacr¢, for peak aged T8 tempers of sheet from
the 2519 variants.
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Figure 7. Tensile yield strength as a function of aging time at
350°F for the 2519 variants aged to T8-type tempers,
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Figure 8. Tensile yield strength as a function of aging time at
350°F for the 2519 variants aged to T6-type tempers.
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Figure 9. K. fracture toughness as a function of tensile yield
strength for the 2519 variants aged T8-type tempers.
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Figure 10.Kc fracture toughness as a function of tensile yield
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T6—- and T8-type tempers.
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Figure 11.K. fracture toughness as a function of tensile yield
strength for 2519 variants aged to peak strength using a
T8-type temper and then exposed to a Mach 2.0 simulation
of 600 h at 300°F.
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Subtask 1B. I/M 6XXX Alloy Development (Alcoa)

Principal Investigator: Dr. L.M. Angers
Senior Engineer: Dr. G. Dixon
obiecti

The primary objective of this task is to develop a damage
tolerant aluminum based material for the lower wing and fuselage
of a Mach 2.0 aircraft. This material must first meet preliminary
strength and toughness targets at room temperature and then
several criteria associated with elevated temperature service
(e.g., retention of room temperature properties after exposure,
performance at the operating temperature and resistance to creep
deformation) .

The I/M 6XXX alloys, or Al-Mg-Si-Cu alloys, are under
consideration here because alloy 6013-T6 exhibits a
strength/toughness combination equivalent to 2024-T3, but with

significantly greater thermal stability.

Background

A set of alloys representing modifications to 6013 was
selected. Thermodynamic modeling by Joanne L. Murray (1) was used
to select compositions which would utilize the maximum amount of
Mg, Si and Cu which can be put into solution during heat
treatment. The actual compositions are shown below. S. Nos.
715670 through 715674 represent total weight percents of solute of
2.7, 3.5, 4.4, 5.1 and 5.8, respectively. With respect to Cu, Mg
and Si levels, S. Nos. 715670 and 715674 may be thought of as
approximate 6013 and 2519 controls, respectively while the other

compositions explore the Cu, Mg and Si levels of compositions
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intermediate to 2519 and 6013 (e.g., if these commercial
compositions are corrected for their losses of Cu, Mg and Si to
form constituent and dispersoid). During aging, these
compositions were expected to produce Mg,Si, Q and 0' phases in
various proportions. Zr was chosen as the dispersoid forming

element in all of the alloys.

715670: Al-0.8 Cu-1.01 Mg-0.84 Si-0.14 Zr

715671: Al-1.81 Cu-0.86 Mg-0.69 Si-0.15 Zr
715672 Al-3.16 Cu-0.75 Mg-0.60 Si-0.15 2r
715673: Al-3.93 Cu-0.66 Mg-0.55 Si-0.15 Zr
715674: Al-5.17 Cu-0.21 Mg-0.25 Si-0.16 zr

Several compositions exploring the effects of certain
elevated temperature dispersoid-forming elements and Ag effects on
the 8' precipitates were also selected. Actual compositions of

those ingots are shown below.

715675: Al-1.18 Cu-1.02 Mg-0.83 Si-0.18 zZr-0.50 Mn-0.09 Vv
715676: Al-0.81 Cu-1.03 Mg-0.85 Si-0.14 2Zr-0.51 Ag
715677 Al-3.13 Cu-0.78 Mg-0.60 Si-0.17 2r-0.55 Ag

S. No. 715675 was designed to contain the same strengthening
phases as S. No. 715670 but with additional high temperature
dispersoids. In this alloy, Cu levels were increased from 0.85
wt% in alloy 715670 to 1.2 wt% to account for the loss of Cu
expected as a result of formation of Al,,Cu,Mn; in S. No. 715675.

S. Nos. 715676 and 715677 were selected to determine whether there

is any advantage to having £ phase, rather than 0', in these
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alloys. By analogy to the work done on Ag additions to 2519, it
was expected that any 6' would be replaced by Q in these alloys.
During aging, these compositions were expected to produce Mg,Si, Q
and Q.

During the first reporting period, book mold ingots
approximately 6" x 2.75" x 1.25" in size were cast. Slices were
taken from each ingot for optical metallography and thermal
analysis on preheated samples. Optical metallography revealed
relatively clean microstructures and thermal analyses showed less
than 0.5 J/g of melting reaction in any sample, suggesting that

solubilities were not substantially exceeded in any of the alloys.

Brocedure

Differential scanning calorimetry was done on as-cast samples
and preheated samples in order to first establish the practices
and then determine their effectiveness.

Book mold ingots were then preheated, rolled to 0.125" thick
sheet and heat treated. Severe blistering occurred on the
surfaces of all of the alloys. This is most likely due to
hydrogen and, therefore, is not expected to be a problem in larger
lab scale ingots where hydrogen levels can be controlled.

After solution heat treatment, samples of each alloy were
cold water quenched. Unlike the 7XXX Al-Zn-Mg-Cu alloys which
typically require a particular natural aging interval prior to
artificial aging in order to achieve the highest peak strengths,
the Al-Cu-Mg-Si alloys behave less predictably. Some Al-Cu-Mg-Si
alloys achieve the highest peak strengths if the natural aging
interval is eliminated while others require a finite natural aging

time. Since a wide range of Al-Cu-Mg-Si compositions are under
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investigation here, two natural aging intervals were studied,
€.g9., half of the samples were artificially aged immediately at
350°F, the other samples were naturally aged 10 days before
artificial aging. Rockwell B hardness measurements were taken as
a function of artificial aging time for both sets of samples.
Average values from five measurements were recorded; generally,
values vary by no more than one or two points, although there was
greater scatter in some of the samples of the current study.
Optical metallography and transmission electron microscopy
were carried out on selected samples. Tensile testing was carried
out on peak aged conditions, i.e., the samples which developed the

highest hardnesses.

R 14 i Dj .

Results of the differential scanning calorimetry studies on
as-cast and preheated samples are summarized in Table I. All of
the as-cast samples exhibited a eutectic melting reaction with an
onset at a relatively low temperature, e.g., 952°F to 961°F. This
reaction was the reason to give each alloy an initial preheat at
950°F before attempting to preheat above the highest solvus. The
data in Table I shows that the 950°F preheat was effective in
eliminating this reaction completely in all alloys.

Five of the alloys, S. Nos. 715670 through 715674, were also
given a stepped preheat involving a hold at 950°F, followed by a
hold at a higher temperature (990°F to 1080°F, depending on
composition). In S. Nos. 715672, 715673 and 715674, samples given
the stepped preheat were free of eutectic melting reactions.
Samples from S. Nos. 715670 and 715671, on the other hand,

experienced minor amounts of melting during the stepped preheat.
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This can be seen in the data of Table I, where low temperature
melting reactions re-appear in the analyses from samples given the
stepped preheats. The extents of melting, however, were small.

Rockwell B hardness and electrical conductivity data are
summarized in Table II. Hardness data are also presented in
graphical form in Figs. 1 through 5. A great deal of scatter was
present in all hardness data, some of which was likely due to the
plistering problem described earlier.

Three of the exploratory compositions, S. No. 715672, 715673
and 715677, achieved Rockwell B hardnesses higher than achieved by
the approximate 6013 control composition (Figs. 1 and 3) but none
achieved higher hardnesses than the approximate 2519 control.

Ag had very l1ittle effect on the hardnesses of the Al-Cu-Mg-
Si alloys (Figs. 2 and 3). Any small hardness advantage Ag may
have in the approximate 6013 control is far outweighed by the
still higher hardnesses of the approximate 2519 (Fig. 2).
Similarly, there is no effect of Ag on the hardness which can be
achieved in the alloy with intermediate Cu, Mg, and Si levels,
e.g., compare hardness of S. Nos. 715672 and 715677 in Fig. 3.

The data in Fig. 3; however, does indicate that there may be a
stability advantage in the Ag-bearing alloy.

Finally, Mn had little or no effect on the peak hardness of
the approximate 6013 control (Fig. 4). This is not unexpected,
though, since it was added for its effect on grain structure,
ductility and toughness, not strength.

The 10-day natural aging interval had no beneficial effect on
peak hardness for any of the compositions examined here. The peak
hardnesses of the samples that had the natural aging interval were

equal or less than the peak hardnesses of the samples aged
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immediately after quenching. Fiqure 5 illustrates this effect for
the approximate 6013 control.

Optical metallography revealed clean structures, with fully
recrystallized coarse grains. Micrographs from S. Nos. 715672 and
715677 are shown in Fig. 6. The microstructures of S. Nos. 715670,
715671, and 715673 through 715676 were similar.

Preliminary transmission electron microscopy studies suggest
that a rod-like phase along <100> directions is the dominant
strengthening phase in both 715672 and 715677. No crystal
structure determination was made; however, it is expected that
this phase is related to either Mg,Si or Q. The Ag did not appear
to have a significant impact on precipitation (Fig. 7). No Al;Zr
precipitation was observed.

Tensile data, like the hardness data, were not encouraging
for the I/M 6XXX alloys, Table III. Tensile yield strengths and
ultimate tensile strengths for three of these Al-Cu-Mg-Si alloys,
e.g9., S. Nos. 715672, 715674, and 715677 and two of the 2519
variants, S. Nos. 689246 and 689248 are compared in Fig. 8.
Several points are worth noting. Firstly, both yield and ultimate
strengths are similar for S. No. 715674 and S. No. 689246, the
high Si 2519 variant. This is expected since both are similar in
composition. Secondly, the alloys having intermediate Cu, Mg and
Si levels, e.g., S$. Nos. 715672 and 715677, have lower strengths

than the other all-vs.

Summary

. Minimal ndissolved soluble constituents were present in
sheet prcduced from these Al-Cu-Mg-Si alloys, suggesting that

the apprcpriate compositions were selected.
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. The highest peak hardnesses were achieved in the approximate
2519 control and lowest peak hardnesses were achieved in the
approximate 6013 control. Alloys having intermediate Cu, Mg
and Si levels developed intermediate peak hardnesses.

. Ag had little or no effect on hardnesses which developed
during T6é aging, although there was some indication that it
may confer a stability advantage.

J A 10-day natural aging period preceding artificial aging
provided no hardening benefit.

. While thermodynamic modeling would have predicted that the
alloys with intermediate Cu, Mg and Si levels would be
strengthened by Mg,;Si, Q and @', transmission electron
microscopy indicated that a single rod-like precipitate along
<100> was dominant. Ag did not appear to alter the structure

or morphology of the precipitate.

Refarence
1. J.L. Murray, unpublished research, Alcoa Technical Center,
1992.
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—O— 715670-B, "6013" control
A 715671-B

—B8— 715672-B

—e— 715673-B

.- X - - 715674-B, "2519"

85.0

80.0
75.0
70.0
B5.0 | ; ------------------------------------------ |

60.0

Rockwell B Hardness

55.0

50.0 S
0.1 1.0 _ 10.0 100.0
Aging Time, h

Figure 1. Rockwell B nardness as a function of aging time for the
exploratory Al-Cu-Mg-Si alloys S. Nos. 715670 through
715674. No natural aging occurred prior to artificial

aging.
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—O— 715670-B, "6013" control
—>— 715674-B, "2519" control

85.0 r uvrq

| —8B— 715676-B, "6013 w/Ag" ]

g 80.0 R e S A e S -

2 ; |

o 75.0 [ R ]

9 - N

@ ¥ ]

I 70.0 [ .

m F ;

— 65.0 [ gl —

D - Sz S o SR Na natural .aging prior.._. .

ﬁ 60.0 C to artificial aging. ]

O C i : ]

o 55.0 [ ; """""""""""""""""""""""""" ; ---------------------------------- ]
50-0 C 1 1 1 &G 1 1 1 1 11 11 [ 1 1 1 1 V|

0.1 1.0 10.0 100.0

Aging Time, h

Figure 2. Rockwell B hardness as a function of aging time for
exploratory Al-Cu-Mg-Si alloys, comparing a Ag-bearing
near-6013 composition (S. Nos. 715676) to a near-6013
control (S. No. 715670) and a near-2519 control (S. No.
715674) . No natural aging occurred prior to artificial
aging.
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85.0

a 80.0| —n— 715677-B 3
L) = ]
5 750 [ il =
o L 4
3] - 3
I 70,0 s ﬁ
(01] . ]
— 650 A Ay -
g g ]
X 60.0 b Qe G s ]
O C : No natural aging prior 1
- toarficRlzong..... ]
50 O E’——‘,l 1 1% 1 1 11 l 1 1 1 L1l A_A:J
0.1 1.0 i ] 10.0 100.0
Aging Time, h
Figure 3. Rockwell B hardness as a function of aging time for the

__O— 715670-B, "6013" control

—{1— 715672-B

% 715674-B, "2519" control

exploratory Al-Cu-Mg-Si alloys, comparing an Al-Cu-Mg-Si
alloy (S. No. 715672), a Ag-bearing Al-Cu-Mg-Si alloy

(S. No. 715671), and a near-2519 control (S. No.

715674) . No natural aging occurred prior to artificial

aging.
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85.0

—O— 715670-B, "6013" control
—x— 715674-B, "2519" control

- | —m— 715675-B, “6013 w/Mn" ' ]

8 80.0 T ————— . e -
o : 5
o 750 I A GLE i SRR o Sipyeee; PSRN -
. - E
Q r ]
X 70.0 [ -
m - ]
— 65.0 [ —
g C : ]
X o fe._Nonatural aging prior ]

1:, 60.0 to argitificial aging. :
o 55.0 :_ ............................................................................................................................................. _:
50.0 C 1 1 i e 1 1 4 1 1.1 ! I 1 L 1 i Vo | I—

0.1 1.0 10.0 100.0

Figure 4.

Aging Time, h

Rockwell B hardness as a function of aging time for the
exploratory Al-Cu-Mg-Si alloys, comparing a near-6013
control (S. No. 715670), a Mn-bearing near-6013 control
(S. No. 715675), and a near-2519 control (S. No.
715674) . No natural aging occurred prior to artificial

aging.
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80.0 — i
LS. No. 715670 : ("6013" control) ! ]
(7)) 75.0 e ; ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
8 - Bl 1
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. -
) r ]
- B5.0 | L _:
m - ]
— BO.0 [ e O ]
[ C ]
= - —O— No natural aging ]
X 550 - 0 o e .
8 - —@— 10 d natural aging ]
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450 L 1 1 Lol 1 L Lol 1 i I S W B | 1:
0.1 1.0 10.0 100.0
Aging Time, h
Figure 5. Rockwell B hardness as a function of aging time at 350°F

for a near-

6013 control given either no natural aging or

10 days of natural aging prior to artificial aging.
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0.0 ——m™mr———p——————7——————7—————r

Té6-type T:empeu,
no natural aging.

80.0

60.0

40.0

20.0

Tensile Yield Strength (tys) and
Ultimate Tensile Strength (uts), ksi

o

o

715672 715674 715677 689246 689248
S. Numbers

Figure 8. Tensile yield strength and ultimate tensile strength for three Al-Cu-Mg-Si alloys
of this Task, e.g. S. Nos. 715672, 715674 and 715677 and two of the 2519 variants from
Task 1, e.g. S. Nos. 689246 and 689248.
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TASK 2. I/M Al-Cu-Li-Mg-Ag ALLOY DEVELOPMENT

Principal Investigator, Reynolds: Dr. A. Cho

Principal Investigator, Uva: Dr. J.M. Howe

Principal Investigator, Boeing: Dr. W.E. Quist

Principal Investigator, Douglas: Mr. R. Kahandal
objecti

The objective of Task 2 is to optimize a precipitate strengthened
ingot metallurgy alloy, based on the Al-Cu-Li-Mg-Ag system, to
meet the property and thermal stability requirements of the High
Speed Civil Transport Research Program. A concurrent goal is to
understand the effects of thermal exposure oOn the
microstructural/property evolution of the alloy as a function of
time and temperature in order to help composition optimization and
to develop techniques for predicting the evolution of the alloy

during long term service environments.

Properxty Goals

Boeing Aircraft Company proposed several ambitious property goals
for ingot metallurgy aluminum alloys for damage tolerant HSCT
applications. It is desired that the combination of tensile yield

strength and Kapp, fracture toughness fall within the range between

70/140/ ksi/ksi-inchl/2 to 80/100 ksi/ksi-inchl/2 after exposure to
an anticipated elevated temperature service environment of about
275°F (135°C).

Background

successful development of the high speed civil transport system
(HSCT) depends on the availability of high performance elevated
temperature materials. Among the conventional aluminum alloy
systems, 2XXX series alloys are commonly used for elevated
temperature applications because Cu-bearing particles exhibit

greater thermal stability. For example, alloys 2618 and 2519
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contain a large volume fraction of coarse intermetallic particles,
which not only enhance thermal stability, but also contribute to
alloy strength. Unfortunately, coarse intermetallic particles are
only marginally effective as strengthening agents while being
deleterious on fracture toughness. Therefore, conventional 2XXX
alloys offer limited strength and fracture toughness capability.

Among conventional aluminum alloy systems, only 7XXX series
alloys could potentially meet the proposed property goals, but
only prior to any thermal exposure. 7XXX series alloys are

strengthened by a combination of metastable GP zones and MgZn,

precipitates which provide a good combination of high strength and
fracture toughness; however, these precipitate phases are not
stable above 100°C. Therefore, 7XXX series alloys are not
suitable for elevated temperature applications.

Recent work at Reynolds Metals Company has demonstrated that
a new proprietary Al-Cu-Li-Mg-Ag alloy (RX818) could potentially
meet Boeing's requirements for high combinations of strength and
fracture toughness. RX818 is mainly strengthened by thermo-
dynamically stable phases which form extremely fine distributions

of precipitates (i.e., T; and S'-like phases). These are effective

in providing high combination of strength and fracture toughness
because the formation of large intermetallic particles is avoided.
A high level of property stability in RX818 has been established
in thermal exposure studies at Reynolds. Further improvement of
thermal stability of the alloy could be achieved by adding optimum
amounts of dispersoids in addition to the precipitate
distribution. 1In Task 2, the optimum amounts of precipitates and
dispersoids will be established to improve the mechanical

properties and thermal stability of RX818 alloy.

Approach

To accomplish the above objectives, this task consists of the

following subtasks:
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Subtask 2A: Evaluate RX818 Variation Alloys as Model Materials
to Understand the Role of Various Strengthening
Phases During Thermal Exposure.

(Reynolds Metals Company)

Subtask 2A1:
Evaluate the three variants of RX818
and Ag content to examine the effect

phases on thermal stability of RX818

Subtask 2A2:
Examine the effect of dispersoids on
mechanical properties of RX818 alloy

dispersoids for conventional casting.

Subtask 2A3:
Examine the effect of dispersoids on
mechanical properties of RX818 alloy

alloy with modified Mg
of T, and S'-like

alloy.

thermal stability and
- moderate level of

thermal stability and
- high level of

dispersoids by Spray Deposition Technique.

Subtask 2B: A study of the microstructural evolution of the
Al-Li-Cu-Mg-Ag System with RX818 alloy
(Uva)

Subtask 2C; Al-Cu-Li-Mg-Ag Alloy Development
(Boeing)

(Douglas)
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Subtask 2A: Evaluate RX818 vVariation Alloys as Model
Materials to Understand the Role of Various
Strengthening Phases During Thermal Exposura.

Subtask 2Al: Evaluate the three variants of RX818 alloy with
medified Mg and Ag content to examine the effect of T) and S'-like

phases on thermal stability and mechanical properties during long
term thermal exposure.

- » lect; : g

RX818 alloy is mainly strengthened by thermodynamically

stable phases which form extremely fine distributions of plate-

shaped precipitates (T; phases) and lath-shaped precipitates (S'-

like phases). Depending on the alloy compositions, different
volume fractions of T, (Al,CuLi) and S'-like (Al,CuMg) phases would

precipitate according to thermodynamic requirements. As a result,
the over-aging characteristics of RX818 alloy would be determined
by not only diffusion controlled coarsening kinetics of the two
strengthening phases but also the solute partitioning between the
two phases according to their solvus temperatures. Therefore,
this work will examine the effect of different volume fractions of

T; phase and S'-like phase by varying the amount of Mg and Ag

content. Within the composition range of RX818, the volume
fraction of S'-like phase will increase with higher Mg content.
The effect of Ag content in this alloy is more complicated.
However, it appears that higher Ag content increases the volume

fraction of T; phase particles.

For this work, three levels of Mg and Ag contents are
selected with fixed Cu and Li contents as three RX818 variant

alloys. To meet the material requirement, four ingots were cast.
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(target) 3.6 8 1.0 14 .4 <.08 <.08
64627 (actual) 3.8 8 9 13 .4 .06 06
(target) 3.6 .8 1.0 .14 8 <.08 <.08
64641 (actual) 3.6 76 8 .14 8 .06 07
(target) 3.6 .4 1.0 .14 4 <.08 <.08
64653 (actual) 3.6 .4 g8 .14 4 .05 07
64667 (actual) 3.4 .4 g8 .14 5 .04 07

Fabri £

The ingots were homogenized, scalped and hot rolled to 0.125"
gauge sheet. Sheet products were solution heat treated at 990°F
for 1 hour followed by cold water quench and 5% stretch. The
sheet products were aged at 320°F for 16 hours as a standard age

practice for all of the RX818 variant alloys.

Grain structure - Optical metallographic examination revealed that

all the sheet gauge products are unrecrystallized in T8 temper
condition. Fig. 1, Fig.Z2, Fig.3 and Fig. 4 are the optical
micrographs showing near surface and T/2 location (i.e. middle
thickness) grain structures. Grain structures in both areas are
mostly unrecrystallized. However, near surface areas show more
visible subgrain structures which are the results of extensive
polygonization process by subgrain coalescence and growth. It
also appears that there are a few very small recrystallized grains
present at near surface areas.

Precipitate structure - A quantitative transmission electron

microscopic study was carried out by Prof. J. Howe at UVA with S-
64667. Alloy S-64667 is strengthened by T; and S'-1like phases. As

a first step, Prof. Howe gquantified the size and density of Ty

precipitates during coarsening at 325°F. The results are reported

in Task 2B. Since most of the work evaluating the effect of
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thermal exposure on mechanical properties was conducted at 275°F,
Prof. Howe's work will be extended to the precipitation and

coarsening behavior of T, phase at 275°F in the future.

hagical . \ thermal cfoct

Tensile tests and plane stress fracture toughness test
results by 16" wide center notched panel tests in longitudinal
direction are listed in Table 1. Also included are the tensile
and fracture toughness properties in longitudinal direction after
a thermal exposure of 1,000 hours at 275°F. After the thermal
exposure, tensile strengths increased by 2-3 ksi and the ductility
(tensile elongation) by 3-4% at the same time. However, fracture

toughness (K.) decreased by 20-30 ksi-inchl/2. Tensile yield
Stress vs. fracture toughness values by K. are plotted in Fig. 5 to

compare the results to the typical properties of 7075-T6, 2024-T3
and 2090-T8. The T8 temper fracture toughness values of the three
alloys, S-64641, S-64667 and S-64627 are significantly higher than
both 2090-T8 and 7075-T6 properties. Even after the thermal
exposure, the K. fracture toughness values of S-64667, S-64627 and

S-64653 are still higher than that of 7075-T6. Based on K.

fracture toughness values, S-64627 (high Mg with low Ag variant)
shows the best strength-fracture toughness combination in T8
temper condition. However, after thermal exposure, S-64627 shows
more degradation of fracture toughness than others and its Kc
values decrease to slightly below that of S-64653.
Microstructural investigation would be warranted in the future to
identify if higher Mg content in S-64627 is responsible for such
fracture toughness degradation during thermal exposure. In order
to compare the fracture toughness values to the property targets

proposed by Boeing Aircraft Company, the K,p,, values of RX818 type

alloys are plotted in Fig. 6. Prior to the thermal exposure, the
Kapp. fracture toughness values of the RX818 type alloys in T8

temper are higher than the proposed fracture toughness goal.
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However, after the thermal exposure, the fracture toughness values
of these alloys are lower than the proposed goal, even though the
strengths are still higher than the mechanical strength goal. This
suggests that alloy composition modifications and/or
microstructural modifications by thermomechanical processing would
pe necessary to reduce the thermal degradation of fracture
toughness of these alloys. To compare these fracture toughness
test results to the other type of tests such as small compact
tension type specimen tests, K (R) -curves are provided in Fig.7 and
Fig.8 which represent the material before and after the thermal

exposures, respectively.

Conclusions

. All the alloys tested show excellent combination of strength
and fracture toughness in the T8 temper.

. The thermal exposure at 275°F for 1,000 hours increases the
tensile strengths and elongation of the alloys.

. The thermal exposure at 275°F for 1,000 hours decreases the
fracture toughness of all four alloys.

. All four alloys show strengths higher than the target tensile
yield strength after the thermal exposures at 275°F for 1,000

hours.

. The best property combination in T8 temper condition was
achieved by S-64627 which contains high Mg(.8%) with low Ag
(0.4%) .

. The highest K,pp. fracture toughness value after thermal

exposure was achieved by S-64653 which shows the lower
strength than others. This alloy has essentially the same
chemistry as S-64667. The lower strength of S-64653 could be
a reason for the higher Kpp. value of S-64653 than that of

S-64667.
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TABLE 1

Longitidinal Tensile Test and L-T Plane Stress Fracture Toughness
Test Results from hot rolled 0,125" gauge sheet of four RX818 tvpe
alloys in T8 temper and ipn T8 after 1,000 h gt 275°F.

S.No., UTS (ksi) TYS(ksi) EL. (%) K Kapp.

64627-T8 84.7 82.3 6.3 148.3 119.9
T8+1,000h 87.2 84.6 10.5 101.6 76.2
64641-T8 87.8 85.4 6.3 116.9 98.2
T8+1,000h 89.7 87.1 9.5 67.9 62.1
64653-T8 82.1 78.9 8.0 - —-
T8+1, 000h 85.1 81.7 12.0 102.0 89.4
64667-T8 85.4 82.1 8.0 131.0 102.8
T8+1, 000h 87.3 84.1 11.5 92.9 78.9
NQte .

All the tensile properties are averaged from duplicate test
results.

Kc and K,pp, values were tested by 16" wide center notched and
fatigue precracked specimens

Ke and K,p,. values are from single test.

Ke and K,pp, values are in Ksi-(inch) 1/2
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Photomicrographs of metallographically prepared longitudinal

cross-sections of RX818 type alloy (S#64627-T8) showing
near surface (a) and at T/2 location (b) in the sheet.

Magnification is 100X.
Fig. 1
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Photomicrographs of metallographically prepared longitudinal
cross-sections of RX818 type alloy (S#64641-T8) showing
near surface (a) and at T/2 location (b) in the sheet.

Magnification is 100X.
Fig.2
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(b)
Photomicrographs of metallographically prepared longitudinal
cross-sections of RX818 type alloy (sH#64653-T8) showing
near surface (a) and at T/2 location (b) in the sheet.
Magnification is 100X.

Fig.3
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(b)

ographically prepared longitudinal
(S#64667-T8) showing
in the sheet.

Photomicrographs of metall
cross-sections of RX818 type alloy
near surface (a) and at T/2 location (b)

Magnification is 100X.
Fig.4
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The strength of RX818 alloy is based on precipitate
strengthening. Further improvement of thermal stability of the
alloy could be achieved by introducing the optimum amount of
dispersoids in addition to the precipitate distribution. The
addition of dispersoids will improve thermal stability but could
be deleterious to fracture toughness if too much of the
dispersoids are added. The key to further improvement, therefore,
could be identifying the optimum combination of precipitation
strengthening and dispersoid strengthening. Two considerations
were given in selecting alloying elements to form dispersoids: the
first, its ability to form a thermally stable coherent phase to
maximize strengthening effect, and the second, its cost to be
economical enough for commercial scale production.

In this work, Zirconium, vanadium and Manganese additions
are being examined among the peritectic elements. Zirconium,
Vanadium or Manganese containing dispersoids in aluminum alloys,

such as Al;Zr, Al;V and Alg¢Mn, could help thermal stability and

creep resistance by pinning down grain boundaries and subgrain
boundaries during the long term thermal exposure. It would be
interesting to know the actual volume fraction of these dispersoid
particles. The maximum volume fraction of these dispersoids could
be calculated assuming that no elements are left in solid solution

and that only one phase is formed per element such as AljZr, Al3V
and Al¢Mn. However, without knowing the amount of these elements

in solid solution, the amount of non-equilibrium phases and other
intermetallics present such as Al;;Cu;Mnjz or Al;,CuMn,, the validity
of such calculations is very questionable. Actual measurements of
the volume fraction of those dispersoids are beyond the scope of

this study at present. For the initial five compositions of 30
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lbs. permanent mold ingots were selected and cast. The target and

actual compositions are as follows:

- iti i

Cu Li Mg Ag zr ¥ Mn

65836 (target) 3.5 1.0 .4 .4 L1701 .3
(actual) 3.4 .99 .52 .34 .15 .12 .3
65837 (target) 3.5 0.8 .4 .4 17 01 .3
(actual) 3.5 .86 .39 .22 .18 .12 .3
65838 (target) 3.0 1.2 .4 .4 .17 01 .3
(actual) 3.1 1.21 .4 .36 .15 .12 .29
65839 (target) 3.5 1.0 .4 .4 .17 .1 -
(actual) 3.35 1.04 .4 .34 17 .12 —-
65840 (target) 3.5 1.0 .4 .4 17 - -
(actual) 3.5 1.0 .39 .36 .16 .01 ~-

Fabr; E
The ingots were homogenized, scalped and hot rolled to 0.125"
gauge sheet. The hot rolled sheets were then, cold rolled to .090"
gauge sheet. The final gauge sheet products were solution heat
treated at 990°F for 1 hour followed by cold water quench. T8
temper sheets were stretched by 5% and aged at 320°F for 16 hours
as a standard T8 temper practice. Té6 temper sheets were
straightened by Stretching nominally 1% then aged at 350°F for 12

hours.

M trnctuzal {pati

Both T6 and T8 temper sheet were hot rolled and solution heat
treated as a one piece. Since these alloys recrystallize during
solution heat treatment step, the degree of recrystallization
between the T6 and T8 temper sheet are expected to be identical.
Therefore, to simplify the task, optical metallographic
examination was conducted only in the T8 temper sheet and the
micrographs were included in the previous 6 month report. The
results revealed that S. Nos. 65836, 65837 and 65838 are
completely recrystallized. S.No. 65839 is partially
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recrystallized, and S.No. 65840 is not recrystallized. The degree
of recrystallization was reflected in the strength of the

material.

Mecl ical £

Tensile test results for the T8 and T6 temper samples of the
five alloys were reported in the previous report (First Semi-
Annual Report (January 1992 to June 1992) for NASA-UVA Subcontract'
5-28411, NAG-1-745). 1In addition, the tensile properties after
thermal exposures of 100 hours, 500 hours and 1,000 hours at 275°F
were also reported earlier. In this report, the tensile
properties of T8 and T6 temper materials after a thermal exposure
of 2,500 hours at 275°F are listed in Table 2 and Table 3,
respectively. The effect of long term thermal exposures on the
tensile yield stresses are plotted in Figures 9, 10, 11 and 12.
As stated earlier, four out of five variant alloys were
recrystallized at varying degrees, which would affect the
mechanical properties of the material. Therefore, comparing the
mechanical properties of these variants are not as straightforward
as originally intended, for example, S.N. 65840 shows the highest
strength because of its completely unrecrystallized grain
structure. Nevertheless, we can learn valuable information
regarding property evolution during the thermal exposure at 275°F.
In Fig.9, the longitudinal tensile yield stresses of T8 temper
materials show that the strengths increase from T8 temper within
100 hours of thermal exposure. However, the strengths decrease as
the thermal exposure continues to 500 hours (S.N. 65836, 65837,
65839 and 65840) or to 1,000 hours (S.N. 65830). S.No.65838 shows
the continuous strength increase until 1,000 hours of thermal
exposure. However, the strength increases at a considerably
slower rate between 100 hours and 1,000 hours of thermal exposure.
Such complex age strengthening behavior during the thermal
exposure at 275° is believed to be a manifestation of age

strengthening by two different phases, T, and & particles, which
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precipitate and coarsen at different rates at different
temperatures. This also can explain why S.N. 65838 which contains
lower Cu and higher Li than the rest, behaves differently from the
rest of the material. In S.N. 65838, higher Li content would
provide additional Strengthening effect at 275°F by precipitating
more ¢ particles during the thermal exposure than the other alloys
with higher Cu and lower L1 contents. Prof. Howe from UVA
reported that little §' particles were observed in T8 temper
material which were aged at 320°F but a considerable increase of ¢
particles in the material after thermal exposure at 275°F and
225°F. After 1,000 hours at 275°F, the strength changes are not
significant within the tested range. The long transverse tensile
yield stresses of T8 temper material in Fig. 10 shows a similar
response of softening after 100 hours than followed by strength
increase until 1,000 hours of thermal exposure. All five alloys
show softening between 1,000 hours and 2,500 hours. This could be
a result mainly from coarsening of & particles. To better
understand the evolution of these tensile properties of these
alloys, a TEM study would be conducted in the future. Figures 11
and 12 show the evolution of tensile properties from T6 temper
material. T6 temper materials do not show the softening behavior
between 100 hours and 1,000 hours of thermal exposures. This
observation lead us to believe that the observed softening of T8
temper material during the early stage of the thermal exposure
could be related to the recovery of cold worked structure. The
comparison of T6 and T8 temper materials are shown in Figs. 13 and
14. An interesting observation is that the significant initial
strength differences between the T6 and T8 temper material become
rather small after the 2,500 hour thermal exXposure. This result
indicates that one of the main reasons for the strength
differences between T6 and T8 temper materials is due to the

significant difference in precipitation kinetics of T; phase

between the two tempers.
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Fracture toughness tests by 10" wide, center-notched, fatigue
pre-cracked panel tests were conducted on the materials after the
thermal exposure. Due to the limitation of the amount of material
available (30 lbs. ingots), only two test specimens per
composition variant were available. Wwithout the information
regarding the property evolution as discussed above, a decision
was made that the two specimens would be used to evaluate the
fracture toughness values after 1,000 hours and 2,500 hours of
thermal exposures at 275°F. The test results for the tensile and

fracture toughness tests (K. and K,pp.) after 1,000 hours and 2,500

hours exposure at 275°F are listed in Table 4. Fracture toughness

values by K. are plotted in Fig. 15. Comparing the properties

after 1,000 hours and 2,500 hours of exposure at 275°F, both
strength and fracture toughness values are not much different

showing only a small drop in K. values after 2,500 hours. S-65837
shows the highest K. values and maintained K. value over 120 ksi-

inchl/?2 even after the 2,500 hours exposure at 275°F. However, the
tensile yield stress is slightly short of 70 ksi. Figure 16 shows

Kapp. values from the same tests in Fig. 15. Again, there are very
1ittle differences between the K,pp. values from the materials

exposed for 1,000 hours compared to those for 2,500 hours. S-
65837 shows the highest Kipp. values after both 1,000 hours and

2,500 hours of exposure at 275°F.

As demonstrated by the tensile test results after various
thermal exposure conditions, it is now clear that complex
microstructural changes take place in the early stage of the
thermal exposures. Therefore, it should be stated that strength-
fracture toughness evaluations only after 1,000 hours and 2,500
hours are not adequate to address the thermal stability of the
material. The evolution of strength and fracture toughness during
the earlier stage of the thermal exposure should be examined more
closely in a later date which could provide a valuable information

to optimize the temper practice for better thermal stability.
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Conclusions

. Four variant alloys containing Mn and V were partially
recrystallized at various degrees after solution heat
treatment. One variant (S.N. 65840) which contains only Z2r,
retained unrecrystallized grain structure after solution heat
treatment.

. Tensile strengths of T6 temper material continue to increase
during the thermal exposure at 275°F indicative of underaged
condition in T6 temper.

. The tensile properties of all five variants in TS temper
material undergo complex property changes during the initial
stage of the thermal exposure at 275°F.

. The lowest solute alloy with high dispersoid elements (Zr, V
& Mn), S-65837, showed the lowest strength with the highest
fracture toughness.

. The unrecrystallized alloy, S-65840, exhibited the highest
strength with the fracture toughness similar to the other
high strength variants.

. No significant changes occurred in strength or fracture
toughness after an exposure for 1,000 hours at 275°F., up to

an exposure for 2,500 hours.
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Tensile test results from T8 temper mat

TABLE 2

erial aged at 32Q0°F/16

hours, then exposed to 2,500 hours at 278°F.

S, No, Dir. UTS (ksi) TYS(ksi)
65836-1D L 76.6 74.0 8.5
45 75.3 70.0 8.0
LT 75.3 70.3 5.5
65837-1D L 72.3 68.5 8.5
45 68.8 63.1 9.0
LT 70.9 65.6 6.0
65838-1D L 73.6 70.7 5.5
45 67.9 62.5 10.5
LT 72.9 66.8 6.3
65839-1D L 78.2 74.6 7.0
45 73.9 68.2 10.0
LT 76.3 71.4 7.5
65840-1D L 82.8 78 .4 8.5
45 72.3 67.7 13.5
LT 77.4 71.3 10.5
Note:
1. All the property values are averaged from duplicate test
results.
2. Tensile tests were conducted with subsize 0.25" wide x 1.00"

long gauge length sheet specimens.
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Tensile test results fro

TABLE 3

m_T6 temper material aged at 320°F/16

hours, then exposed to 2

200 hours at 275°F.

S, No, Dir, UTS (ksi) TYS(ksi)
65836-4D L 77.5 72.5 8.5
45 72.1 65.2 11.0
LT 75.6 69.5 7.5
65837-4D L 72.3 68.0 10.0
45 68.8 62.3 11.0
LT 70.7 63.4 9.0
65838-4D L 73.2 68.7 8.5
45 67.6 60.7 11.5
LT 71.6 66.3 7.0
65839-4D L 74.6 9.6 7.0
45 71.3 64.4 9.5
LT 75.3 69.5 7.0
65840-4D L 80.7 75.2 10.0
45 72.3 66.5 12.5
LT 76.3 70.8 10.5
Note:
1. All the property values are averaged from duplicate test
results.
2. Tensile tests were conducted with subsize 0.25" wide x 1.00"

long gauge length sheet specimens.
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TABLE 4

Tensile Test and Plane Stress Fracture Toughness Test Results by
10" wide Center Notched Panel from cold rolled 0.090" gauge sheet
of five RX818-T8 type alloys after thermal exposures at 275°F for
1.000 hours (-2's) and 2.500 hours (-3's)

S.No. UTS (ksi) TYS(ksi) E1(%) K Kapp.
65836-2 77.3 74.0 9.0 105.7 81.1
-3 76.6 74.0 8.5 93.3 77.4
65837-2 72.3 67.6 9.0 139.7 93.3
-3 72.3 68.5 8.5 126.0 88.1
65838-2 73.7 70.6 8.0 92.5 75.8
-3 73.6 70.7 5.5 91.2 72.9
65839-2 78.0 75.0 7.0 87.2 73.3
-3 78.2 75.1 7.0 82.4 67.7
65840-2 83.6 79.8 6.5 80.4 71.6
-3 82.8 78.4 8.5 88.7 73.2
Note:

All the tensile properties are averaged from duplicate test
results.

K. and Kipp., values were tested with 16" wide center-notched and
fatigue precracked specimens

K. and K,pp, values are from single test.

K. and K,pp., values are in Ksi- (inch)1/2
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The dispersoid particles containing Zr, V, and Mn such as
Al3Zr, Al3V and Al¢Mn, could help thermal stability and creep

resistance. However, these dispersoid particles are most
effective when these particles remain as coherent phases. 1In
order to maintain the coherency of these particles, these
dispersoids should be formed by solid state reaction instead of
forming during solidification. Therefore, addition of too much of
these elements in the melt would result in high volume fraction of
coarse incoherent particles in the ingot. Such coarse incoherent
particles are extremely deleterious to fracture toughness.

Therefore, the total amount of fine coherent dispersoid
particles in conventionally cast material is very limited. One
way to increase the amount of these coherent dispersoid particles
is to employ a casting technique with a faster solidification
rate. Such a casting practice would provide a high level of
Supersaturated solid solution so that a large volume fraction of
coherent intermetallic particles could form by solid state
reaction.

In this work, therefore, Spray Deposition technique was
selected to produce material with high volume fraction of coherent
dispersoids. The main reason for selecting the Spray Deposition
technique among other rapid solidification techniques was for its
economic feasibility for commercial scale production. Five
compositions of 30 1lbs permanent mold ingots were cast as starting
stock material for Spray Deposition casting. The compositions are

as follows:
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c it i

S.No. Cu Li Mg Ag ir ¥ Mn
65831 (target) 3.5 1.0 .4 4 3 .2 -—
(actual) 3.45 1.0 .43 29 29 18 01
65632 (target) 3.5 1.0 4 4 .3 .2 5
(actual) 3.6 1.04 43 38 .28 18 44
65833 (target) 3.5 1.0 .4 .4 .25 .2 .3
(actual) 3.6 1.1 43 .44 .26 .17 .32
65834 (target) 3.5 1.0 .4 .4 .25 .1

(actual) 3.39 1.02 .41 .43 .22 .09

65835 (target) 3.0 1.2 .4 .4 .3 .2 -
(actual) 3.58 1.21 .42 460 .27 .17 -

i " | sapricat:

prof. E. Lavernia's group at the University of California at
Irvine completed casting of five spray deposited billets.
The billets were machined to 3" diameter pillets and extruded to
.25" x 1.5" cross section bars. To compare the properties to the
sheet gauge product fabricated from the conventionally cast
ingots, these extrusions were hot rolled to 0.125" gauge and then
cold rolled to 0.090" gauge sheet. The final gauge sheet products
were solution heat treated at 990°F for 1 hour followed by cold
water quench. T8 temper sheet were stretched by 5% and aged at

320°F for 16 hours as a standard T8 temper practice.

Microstzuctuxe

Optical micrographs of the five alloys in the final temper
condition are shown in Fig.17. The drastic difference in grain
structures between the alloys with and without Mn are very
interesting. The alloys containing Zr and no Mn, S.N. 65831 and
S.N. 65835, are completely unrecrystallized and the alloys
containing both Z2r and Mn, S.N. 65832, S.N. 65833 and S.N. 65834
are fully recrystallized with coarse recrystallized grains. This

observation proves that the presence of Mn interferes strongly
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with 2r and prevents formation of coherent Al;zr dispersoid

particles which is known as the most effective recrystallization
preventing phase. It was not expected that a small amount of Mn
addition to Zr containing alloys would drastically alter the grain
structures.

Apparently the formation of intermetallics from these
peritectic elements are quite complex. A TEM study will be
conducted in the next report period to clarify the effect of Mn
and Zr particles in controlling grain structures. It appears that
V content does not show a strong effect on the recrystallization

behavior.

Mecl ical £
The tensile test results of T8 temper sheet from the Spray
Deposition technique are listed in Table 5. For comparison
purposes, the tensile properties of conventionally produced
material is listed in Table 6. Fig. 18 compares the tensile
properties of the materials processed from the two different
processing techniques. Based on the comparison of tensile
properties, there is no significant difference in properties
between the materials from the conventional processing and the
Spray Deposition technique. Obviously, it is difficult to draw
conclusions without fracture toughness comparisons. It should be
noted that the strengths of these alloys are strongly influenced
by the degree of recrystallization. The higher strengths achieved
among the Spray Deposition alloys are from the two
unrecrystallized alloys, S.N. 65831 and 65835, both of which do
not contain Mn. S.N. 65835 shows the highest strength because of
higher Cu and Li content than S.N. 65831. Due to the narrow sheet
material from the Spray Deposited billets, Kahn tear tests will be
conducted as a fracture toughness indicator test in the next

report period.
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TABLE 5

Longitudinal Tensile Test resylts of 0,090" gauge sheet in T8

hich are extruded and rolled from Spray Deposited billets

(Aged at 320°F for 16 bours)

S. No. UTS (ksi) TYS(ksi) El. (%)

65831 78.8 74.8 9.5

65832 72.6 69.7 10.5

65833 69.8 67.2 12.5

65834 68.9 67.1 10.5

65835 83.9 80.6 9.5

Note:

1. All the property values are averaged from duplicate test

results.

Tensile tests were conducted with subsize 0.25" wide X 1.00"
long gauge length sheet specimens.
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Longitudinal Tensile Test res

TABLE 6

ults of 0,090" gauge sheet in T8

Ltemper which are rolled from 30

pound permanent mold ingot

{Aged at 320°F for 16 hours)

S. No, UTS(ksi) IXS (ksi) El. (%)

65836 73.5 70.7 10.0

65837 68.3 64.8 10.5

65839 75.7 72.7 7.0

65840 79.4 74.9 10.0

Note:

1. All the property values are averaged from duplicate test
results,

2. Tensile tests were conducted with subsize 0.25" wide x 1.00"
long gauge length sheet specimens.

3. The actual compositions of these alloys are listed in the

Subtask 2a2.

89



LT b1

sInoy 00ST 103 HoSLT
818X ¥ .060°0 58D UORISO

je ainsodxq

doq Aeidg Jo S

T T Yy o s

[euLay] Ioye SQE.@ L w 1 Ul 139YS

$£8S9

ydeaSororN yog s1oyred X001

90



8T bta

*
SE859°'A'S
¥€859°A’S

|
£E859°'A’S

[
7€859°A’S

4
1£859°A’S

X

0¥859°AUOD

O

6£859 AU0D
<

LES9 AUOO
(]

9859 AUOD

$8

(183}) ssang pya1 ajisua]

SL

0L

09

(saayjaeq pijos) uonisodap Leadg (s1ayaepy uadQ) [euonuasuo)

133Ys "E3 Youl 6070 JO SAL A uoneSuopy “up -

SAOTITV AdAL 818X YO SALLIAJOUd HA'TISNAL

(%) uoneduory

11

4!

tl

91



Principal Investigator: Dr. J.M. Howe
Research Associate: Dr. Y. Mou
ob 3 £

The main objectives for the second six months of this subtask
were: i) to develop a method of quantifying the size and number

density of matrix T, plates, and ii) to begin quantifying the

coarsening behavior of matrix T, plates in the RX818 base alloy.

Approach

i) Method of quantifying‘precipitate size and number density

In order to investigate the coarsening kinetics of T,
precipitates in RX818 alloy, it is necessary to determine the size
distribution and number density of T; plates in specimens aged for
various times at different temperatures. In the present work, the
geometry and distribution of T, particles are recorded as two-
dimensional projections on TEM micrographs. There are some well-
established techniques in the literature for obtaining actual
three-dimensional information about the T, distribution from the
TEM micrographs, as described further below.

A1l of the TEM micrographs, two of which are shown in Figs.
1(a) and (b), were taken along a <112> zone axis at about 60,000X
magnification. Since T, plates form on the {111} Al matrix planes,
and only one {111} plane is parallel to the <112> zone axis, only
one of the four T; variants appears edge-on with the face parallel
to the electron beam in this orientation. This situation requires
that a measured number density of T; precipitates be multiplied by

four in order to obtain the actual number density in a specimen.

1f stretching or some other factor results in precipitation on one
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variant of {111} plane to be favored over others, then this method
of totaling the precipitates may not be accurate. At this time,
there is no data which show that this occurs.

Figure 2 shows the size relationship between actual T, plates
and their TEM images. If the hexagonal shape of a T, plate is

approximated as a circular disk with the faces parallel to the

electron beam for simplier mathematical treatment, then the T,

precipitates have the same thickness in the foil as in the TEM
micrograph, provided the measured value is corrected for the
magnification. However, a complex situation arises for the
particle diameters. When a particle is centered within the foil,

such as particles 0, and 03 in Fig. 2, the measured diameter is

equal to the actual diameter after correction for the
magnification. When a precipitate is centered outside the foil
(but within a certain vicinity of the foil), such as for the other
particles in the figure, the measured diameter is less than the
actual diameter. Since it is not possible to distinguish whether a
particle is centered inside or outside the foil from the
projection in a TEM micrograph, the precipitate number density
obtained from a micrograph is higher than the actual value, and
histograms of particle diameter are biased towards the smaller
sizes. The following method was used to correct for these effects.
The observed precipitate diameters in a group of micrographs
were divided into a few size classes. At a magnification of
60, 000X, for example, if the size increment AD is taken as 1 mm,
the observed diameters can be divided into some ten classes with
diameter ranges (D;-AD,D;), e.g., (0,1), (1,2) . . .. If N; and M;

are the number densities per unit micrograph area and per unit
specimen volume, respectively, for the particles in the diameter

range (D;-AD,Di), then as shown in Fig. 2, N; can be expressed as a
summation of contributions from M; (inside particles) and all M;

(J21, outside particles) as:
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N; - Mit + MiADpP11 + M,ADpy; + . . . % MADp:,

N, - Myt + MADpyy + M;ADps3. . . + MiADDPyy (1]

N, - Mt Mr, ADp,,

where t is the foil thickness (determined by convergent-beam
electron diffraction (CBED) (1), as illustrated in Fig. 1(c)) and
pi; is the probability that an outside particle of diameter DJ

gives a truncated image in the diameter range (Di-AD,D;) . An

expression for pi; has been derived as (2):

pij - (32 - (i-1)2)1/7 = (32 - i2)1/2 (321) . (2]

With p;3 = 0 for i > j, Egn. [1] may be written in matrix form and

solved for the actual diameter distribution as:
m= (tI + ADP) -1n {31

where I is the identity matrix, P = (pij), B = (Nj)T and m = (M) T.
A measured diameter distribution (histogram), n, can be readily
converted to the actual specimen distribution m through Egn. 31,
and the sum of all the components of m is the actual number

density.

ii) Coarsening behavior of matrix T; plates

Figures 3 and 4 show the diameter and thickness distributions
of RX818 alloy (Lot. No. 64667) in the initial -T8 condition (20
hrs at 163°C (325°F)) and after additional aging to total times of
1006 and 2518 hrs at 163°C (325°F) . The distributions were obtained
using the procedure decribed above and at least 500 precipitates
were measured in each sample. Note that the particle diameters and

thicknesses are normalized by the average thickness and diameter
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in each of the graphs.
The average diameter, thickness, number density and volume
fraction of the matrix T, plates versus aging time at 163°C (325°F)

are shown in Figs. 5(a) through (d), respectively. From these
data, it is apparent that the average diameter and thickness of

the T, plates increases with aging time at 163°C (325°F), with the

average diameter increasing from about 45 nm after 20 hrs of aging
to 91 nm after 2518 hrs, and the average thickness increasing from
about 1.5 nm (about two unit cells of the T; phase) to about 5.8 nm

thickness. A decrease in average aspect ratio (diameter/thickness)
from about 30:1 to 16:1 accompanied this process and such a
decrease is also indicative of coarsening of the precipitate
plates.

In contrast to the behavior of the average precipitate
diameter and thickness, both the number density and volume

fraction of the matrix T, plates initially increased during aging

from 20 to 1006 hrs at 163°C (325°F), followed by a substantial
decrease in the number density and only a slight decrease in the
volume fraction with further aging time. The increase in number
density and volume fraction of precipitates upon aging for 1006
hrs indicates that the matrix was probably still partially
Supersaturated with solute after the initial 20 hrs of aging and
that further precipitation occurred during further aging of the
alloy. The subsequent decrease in the number density of
precipitates for a relatively constant volume fraction after aging
for 2518 hrs is Characteristic of particle coarsening. The maximum

volume fraction of T, phase obtained from these three samples was

about 0.03 (or 3%) after 1006 hrs aging, but the volume fraction
could have been slightly higher at earlier aging times where no
data were available. At this time, no interpretation is offered
regarding the changes in distribution of the diameters (Fig. 3)
and thickness (Fig. 4) with exposure, since the coarsening

behavior has not been compared with any theoretical models.
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Summaxy
A TEM procedure was developed to quantify the diameter,

thickness, number density and volume fraction of matrix T, plates
in RX818 base alloys. Quantification of T plates in RX818-T8 alloy
(Lot. No. 64667) exposed for additional total times of 1006 and
2518 hrs aging at 163°C (325°F) shows that there is an increase in
the average diameter and thickness of the plates with a
corresponding decrease in the number density for nearly constant

volume fraction of precipitates, indicative of a coarsening

process.
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Figure 1. (a) <112> dark-field TEM image of a low-angle grain boundary in RX818 alloy
aged for 1006 hrs at 163°C (3259F), (b) <112> dark-field TEM image showing one variant
of Ty plates and a few S' laths in a grain interior in the same sample, and (¢) a CBED
pattern from the area shown in (b) used to determine the sample thickness. The dark-field
TEM images in (a) and (b) were formed by including both T} and §' precipitate reflections
in the objective aperture.
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Figure 2. Schematic size relationships betwen Ty plates and their TEM images with unit

magnification.
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Figure 3. Diameter distributions of matrix Ty plates in RX818 alloy aged for: (a) 20, (b)
1006 and (c) 2518 hrs at 163°C (325°F).
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Thickness Distribution of T1 Precipitates
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100



Average Diameter of T1 Particles

3 2 8 B

Average Diameter (nm)
£

—O— Alloy 64667, T8-5% stretch

8

40 v T Y T v |
0 1000 2000 3000

Aging Time (hr)

Average Thickness of T1 Particles

Average Thickness (nm)

—T—  Alloy 64667, T8-5% stretch

0 1000 2000 v 3000
Aging Time (hr)

Figure 5. (a) Average diameter, (b) thickness, (c) number density and (d) volume fraction

of matrix T plates as a function of aging time in RX818 alloy aged for 20, 1006 and 2518
hrs at 163°C (3259F).
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TASK 3. P/M 2XXX ALLOY DEVELOPMENT

Principal Investigator: Dr. L.M. Angers, Alcoa
Senior Engineer: Dr. G. Dixon, Alcoa
Boeing Contact: Dr. W.E. Quist

Douglas Contact: Mr. R. Kahandal

UVa Contact: Dr. E.A. Starke, Jr.

obiect i

The primary objective of this task is to develop a damage
tolerant aluminum based material for the lower wing and fuselage
of a Mach 2.0 aircraft. This material must first meet preliminary
strength and toughness targets at room temperature and then
several criteria associated with elevated temperature service
(e.g., retention of room temperature properties after exposure,
performance at the operating temperature and resistance to Creep
deformation) .

The P/M 2XXX alloys are under consideration here for several
reasons. Firstly, P/M processing provides rapid solidification
rates, enabling one to introduce greater amounts of dispersoid
forming elements into the aluminum solid solution than can be
introduced using conventional ingot metallurgy methods. As a
result, the wrought P/M products may be more resistant to
recrystallization than I/M alloys with lower levels of these
additions. Generally, unrecrystallized Structures possess better
strength/toughness combinations than recrystallized structures.
Furthermore, if these additions are added in great enough amounts,
modest dispersion strengthening may result. Finally, the
refinement of constituent which is expected to accompany the rapid

solidification will also have beneficial effects on toughness.

Background

Because of the anticipated promising strength/toughness

relationships, the P/M 2XXX alloys were pursued in the present
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investigation. Three alloys having high jevels of dispersoid

forming elements were selected and atomized:

S No. 710820: Al-4.34 Cu-1.46 Mg-0.57 Mn-0.55 2r-0.1 V
< No. 710821: Al-5.72 Cu-0.54 Mg-0.31 Mn-0.51 Ag-0.57 Zr-0.1V
< No. 710822: Al-6.68 Cu-0.52 Mg-1.70 Mn-0.52 Ag-0.20 2r-0.1V

S. No. 710820 is essentially a high Z2r version of 2124. 1Its
composition is nearly identical to the alloy studied in the NASA
program where excellent strength/toughness relationships were
achieved (1-4).

S. Nos. 710821 and 710822 represent high 2r and Mn versions
of the Q phase alloy being considered in the ingot metallurgy
portion of this program. Since the Q phase alloy is expected to
be our highest strength 2519 variant, it was chosen as a baseline
into which excess Zr and Mn could be added. The Cu level in S.
No. 710822 was increased to account for the loss of Cu to

formation of the Al;cCuzMnj phase.

The addition of 0.1% V to all three alloys was made since all
contain some Mn and Alcoa internal research has shown that \Y%

additions may refine the Al,oCu;Mn; phase which forms.

Procedure
The three lots of atomized powder were cold isostatically

pressed, hot pressed and extruded to produce extrusions having a
2" by 4" cross—-section. Extrusions were heated to 800°F prior to
rolling. They were then rolled by a combination of cross rolling
and straight rolling to produce sheet 8" wide by 0.125" thick. A
total of seven passes and two reheats were used.

Differential scanning calorimetry was used to select solution

heat treat temperatures:
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Solution Heat Treatment

S. No, Temperature (°F)
710820 930
710821 880
710822 980

Sheet was solution heat treated for 1 hr, cold water
quenched, stretched 8% and aged at 350°F for times between 1 and
16 hr.

Optical metallography, microprobe, Guinier X-ray diffraction
and TEM were used to characterize microstructures., Duplicate
longitudinal tensile samples and single L-T center crack fracture

toughness samples 6.3" wide by 20" were tested.

R 14 i Di .

Optical metallography revealed unrecrystallized structures in
sheet from all three alloys (Fig. 1). Coarse clusters of
particles, which were identified by microprobe analyses to be rich
in Fe, Cu and Ce and depleted in Mg and Zr, were present as
defects in all (Fig. 2). Such defects are probably related to
prior lot contamination at the atomization facility.

Information regarding dispersoids and strengthening
pPrecipitates was derived from Guinier X-ray diffraction and TEM.
The results of Guinier X-ray diffraction are presented in Table 1I.

All three P/M 2XXX alloys contain the Al,0CurMn; and Al;Cuy,Fe phases

and the two with high Zr levels, €.g9., S. Nos. 710820 and 710821,
also contain the DO,; tetragonal form of Al3Zr. No Ll, Al3Zr was

detected in any of the alloys. Transmission electron microscopy
of the T8 temper of the high Zr 2024 type alloy, S. No. 710820,
revealed at least two type of dispersoids and S° precipitation.
Figure 3 presents low and high magnification bright field images
and a selected area electron diffraction pattern. The low
magnification micrograph includes one grain boundary and a high
number density of dispersoids. Diffracting conditions reveal

substructure in one of the grains, confirming at least a partially
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unrecrystallized structure. The higher magnification micrograph
shows dispersoid morphology. Microanalysis identified the rod-
like particles as an Al-Cu-Mn phase and the cuboid as an Al-Cu-Zir

particle. The Al-Cu-Mn phase is likely Al,oCu,Mns, The finer

particles in the background are also Al-Cu-Zr. The characteristic
reflections for S' are observed in the <100> diffraction pattern

but none of the characteristic reflections for the L1, Al,;Zr phase

are present.

Figure 4 presents a bright field image and selected area
diffraction pattern from the T8 temper of the high Zr Q phase
alloy, S. No. 710821. The bright field image reveals coarse Al-
Cu-Mn dispersoids and finer Al-Cu-Zr cuboids. The <100> electron
diffraction pattern contains characteristic Qphase reflections,

but no L1, Als;Zr reflections.

Figure 5 presents a pright field image and selected area
diffraction pattern from the T8 temper of the high Mn Q phase
alloy, S. No. 710822. The bright field image reveals coarse Al-
Cu-Mn dispersoids although some of the Al-Cu-Zr cuboids have been
observed in other images. AS in S. No. 710821, the <100> electron
diffraction pattern from S. No. 910822 contains characteristic Q

phase reflections, but no L1, Al;3Zr reflections.

Tensile and toughness data for the three P/M 2XXX alloys are
summarized in Table II and Figs. 6 through 8. The highest tensile
yield strength, 79 ksi, was obtained in the high Mn Q phase alloy,
S. No. 710822, although overaging of this alloy was rapid at
350°F. The high Zr 2024 type alloy and the high Z2r Q phase alloy
achieved peak tensile yield strengths of 75.9 and 74.5 ksi,
respectively.

Representative true stress-true strain curves are presented
in Fig. 7 for the peak aged T8 tempers of sheet from the P/M 2XXX
alloys, S. Nos. 710820, 710821 and 710822. 1Included for
comparison is the curve for the peak aged T8 temper of sheet from
the Ag-bearing I/M 2XXX alloy, S. No. 689248. Although the P/M
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alloys achieve higher strengths than the I/M alloys, the stress-
strain curves have the same shape.

The best strength/toughness combination was achieved in the
high Zr Q phase alloy, S. No. 710821. Figure 7 shows that a K.

value of 125.5 ksi v in was achieved at a tensile yield strength of

74.5 ksi. The lowest strength/toughness combination was measured
for the high Mn Q phase alloy, S. No. 710822.

sSummarxy

Unrecrystallized grain structures were present in 0.125"
thick sheet produced from the P/M 2XXX alloys. Defects, likely
due to prior lot contamination, were present in the three
products.

S' precipitates are the dominant Strengthening phase in S.
No. 710820; Q phase is the dominant strengthening phase in S. Nos.
710821 and 710822.

At least two types of dispersoids were present in these
alloys. The Mn was present in large rod-like or globular
particles which probably have a composition close to Al,oCuyMn;,.
The zZr was present in Al-Cu-Zr cuboids which are finer than the
Al;oCu,Mn; particles but coarser than expected for the coherent L1,
phase. These particles may have the DO,; crystal structure since
that structure was detected by Guinier X-ray diffraction.

The highest yield strengths, 79 ksi, were achieved in the
high Mn  phase alloy. The best Strength/toughness combinations

were achieved in the high zZr Q phase alloy.
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Figure 6. Tensile yield strength as a function of aging time at
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Representative true stress-true strain curves for the
peak aged T8 tempers of sheet from the P/M 2XXX alloys,
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alloy, S. No. 689248,
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TASK 4. Al-Si-Ge ALLOY DEVELOPMENT (UVa)

Principal Investigator: Dr. E.A. Starke, Jr.
Graduate Student: Mr. Holger Koenigsmann
Alcoa Support: Dr. R.W. Hyland

Object i
The objectives of this research are to determine the
microstructural evolution and the concomitant property variations
in a new class of experimental aluminum-based alloys that contain
Si, Ge and Cu as the major alloying elements. The stability of
the microstructures at moderate temperatures, and the critical
dependence of hardness and strength on alloy composition and types
of phases present are being investigated. This program uses
theoretical concepts for selecting solute additions for an I/M age
hardenable aluminum alloy that may have the strength and thermal
stability necessary to meet the requirements for the proposed high

Speed civil transport (1).

dntroduction

The age-hardenable Al-Si-Ge alloy utilizes a fine and uniform
distribution of incoherent Si-Ge particles that have a very small
critical size for the transition from shearing to looping by
dislocations at the vield stress. These features result in a high
degree of hardening for a small volume fraction of particles. As
compared to other age-hardenable aluminum alloys, the Si-Ge
precipitates can be expected to be more thermally stable because
of the low solubility of Si and Ge in Al and the incoherent nature
of the precipitate interface. However, the strengths of the
Al-Si-Ge alloys are not competitive with other age-hardenable
aluminum alloys. Work reported in the first semi-annual report
(UVa report under Grant No. NAG-1-745, for the period
1/1/92-6/30/92) showed that the addition of Cu has the effect of
increasing the number of precursory clusters during quenching

which act as nucleation centers for the diamond Si-Ge precipitates
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during aging. This increases the hardness level by about 60%.
Copper contents equal to or greater than about 2.6 wt.% to the
paseline Al-lat.%Si-lat.3Ge alloy result in the nucleation of ©’
(Al,Cu) precipitates in addition to the diamond Si-Ge precipitates.
0’ nucleation occurs on matrix dislocations as well as at the
(Ge-Si) /a-Al) interfaces. 8’ coarsens during aging at 160°C and
there is an associated drop in hardness.

The present report presents results obtained during the
period 7/1/92-12/31/92. The focus of the research during that
period was to characterize the microstructural and hardness
evolution of a ternary Al-Si-Ge alloy and a gquaternary Al-Si-Ge-Cu
alloy at both 120°C and 160°C. The room temperature strength of a
high-Cu Al-Si-Ge-Cu alloy was compared to that of 2014 after
various aging times at 157°C (315°F). In addition, we examined
the effect of additions of Mg and Ag on the hardness evolution of

an Al-0.58i-1.31Ge-3.25Cu alloy (composition in wt.%).

Experimental Procedure

A ternary Al1-0.7wt.%Si-2.6wt.%Ge alloy and a quaternary
Al—l.1wt.%Si-l.55wt.%Ge—2.7wt.%Cu alloy were cast, homogenized,
and solution heat treated for 1 hr. at 487°C (ternary alloy) and
479°C {(quaternary alloy). Samples of both alloys were aged at
120°C for up to 800 hrs. and at 160°C for up to 400 hrs.
Microhardness values were taken at room temperature using a
Kentron Microhardness Tester AK. Samples for transmission
electron microscopy were prepared using standard techniques and
examined in a Philips EM 400T. The average radii of the diamond
precipitates were determined by quantitative stereological methods
(2) and corrected for truncation and overlap (3). Foil
thicknesses were determined under two-beam conditions from the
oscillations in intensity of convergent beam diffraction patterns
(CBED) (4).

pPeak-aged samples of poth alloys were held in o0il baths at
200°F (93°C), 250°F (121°C) and 300°F (149°C), and the
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microhardness values were determined over a period of 10 days both
at room temperature and at the temperature of the corresponding
oil bath using a Nikon High-Temperature Microhardness Tester QM.
The yield strength of the quaternary alloy was measured as a
function of time at 160°C. The yield strength of a higher Cu
variant (Al-1.0Si-1.0Ge-4.5Cu) was measured at room temperature
after aging for various times at 325°F and compared with 2014
(Al—O.65Si—0.4Fe—4.1Cu-O.79Mn—O.35Mg).

An alloy containing Mg and Ag was prepared to examine the
possibility of improving the thermal stability of the Al-Si-Ge-Cu
alloy by transforming the 6’ phase to the more stable Q phase (see
Task 8 results by Li and Wawner, this report). Aging experiments
were conducted at both 120°C and 160°C.

Al-Si-Ge and Al-Si-Ge-Cy Alloys:
The hardness curves for the ternary and the quaternary alloys

aged at 120°C and 160°C are shown in Figs. 1 and 3, respectively,
and the relationship between the cube of the average radii of the
Si-Ge diamond precipitates and the aging time at 120°C and 160°C
is shown in Figs. 2 and 4, respectively (note that the full time
scale is 800 hrs. for 120°C and 400 hrs. for 160°C). The
magnitude of the values is in correspondence with the estimated
particle size for the transition from shearing to bypassing (1)
which is related to the size at which the particles form from a
cluster. The relationship between the cube of the average radii
and the aging time is in all cases linear within the errors of
measurement. This is in agreement with the prediction of the
coarsening theory by Lifshitz (5) and Wagner (6). The coarsening
rate for both the ternary and the quaternary alloys is
significantly higher at 160°C than at 120°C as expected from the
exponential temperature dependence of the diffusion coefficient.
The average radii of the diamond precipitates are higher for

the quaternary alloy than for the ternary alloy. This can be
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explained by the fact that the composition of the quaternary alloy
is not optimum for minimizing the strain energy associated with
the Si and Ge additions compared with the ternary alloy. This, in
turn, results in a higher critical energy for the formation of
stable nuclei and therefore in a larger critical size of the
nuclei for the quaternary alloy. Unfortunately, the different
relation between the 5i and Ge contents in poth alloys did not
allow for the investigation of the influence of Cu on the
coarsening behavior independent of other factors.

The coarsening theory by Lifshitz and Wagner predicts that

the variation of the mean radius, T, with time, t, is given by:

3 - 13 = 8YDCoVm2(t — to) /9RT [1]

where r, is the mean particle radius when coarsening commences at
the time to, Y is the specific precipitate—matrix interfacial free
energy, D and C, are the diffusivity and the equilibrium molar
concentration at the given temperature, T, respectively, Vn is the

molar volume of the precipitate, and R has its usual meaning.
From the slope of the graphs in Figs. 2 and 4 the interfacial
energy can be estimated using equation (1]. As a first
approximation, the diffusion coefficient was taken as an average
of the diffusivity of si in Al and that of Ge in Al using the data
from (8). The equilibrium concentration was roughly estimated as
0.2wt.% from (9), and the molar volume was calculated based on the
values given in (1) for the diamond cubic structures of Si and Ge.
s a first approximation, the calculated average value for the
specific precipitate—matrix interfacial energy is 121 mJm-2 which
seems to be of the right order of magnitude.

Figures 5 and 6 show the results of the microhardness
measurements carried out at room temperature and at the
temperature of the corresponding 0il bath, respectively. As

expected, the hardness measurements carried out at elevated
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temperatures yield significantly lower values than those carried
out at room temperature. The slope of the curves for the
quaternary alloy is significantly higher than that for the ternary
alloy at the same temperature. 1In all cases, the slope decreases
with increasing time. These results correspond qualitatively to
the observed coarsening behavior and also to the decrease in
solute content with increasing temperature. However, in order to
investigate the influence of Cu independently of other factors,
samples of identical composition except for Cu have to be used.
Figure 7 shows the yield strength of the Al-1.lwt.%Si-
1.55wt.%Ge-2.7wt .%Cu alloy as a function of aging time at 160°C.
The maximum strength obtained was 45 ksi which is considerably
below the 70-80 ksi requirement proposed by Boeing. Consequently,
an alloy with a higher copper content (Al-1.0wt.%Si-1.0wt.%Ge-
4.5wt.%Cu) was examined. Figure 8 compares the yield strength of
this alloy with that of 2014 as a function of aging time at 315°F.
Although the Ge content is less than optimum, the strength-aging
curve does not appear to be any better than 2014. Other studies
at Alcoa seem to indicate that we can not expect significant
improvement with minor changes in Ge, Si, and Cu content. One
should note, however, that the alloys studied thus far have not
contained grain refining additions, nor have they been processed

for optimum grain structure control.

Al-Si-Ge-Cu-Mg-Ag Allov.
An Al—O.Slwt.%Si—1.31wt.%Ge-3.25wt.%Cu—0.44wt.%Mg—0.37wt.%Ag

was prepared in an attempt to replace the 0’, which coarsens
fairly rapidly at 160°C, with Q, which has been shown to have
superior thermal stability when aged at that temperature. Figure
9 shows the age-hardening curves of the alloy at 160°C and 120°C.
The highest peak hardness was obtained at the higher temperature;
however, peak hardness was not obtained until after 800 hrs. aging
at 120°C Since that was the limit of our aging experiment, it is

unclear whether or not the alloy would overage at 120°C. Limited
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TEM examinations showed that 0’ and S precipitates were present at

all aging temperatures and times. No Si-Ge clusters or Q

precipitates were observed.

SUmMmaArLy

Copper additions have a significant effect on the hardness
and strength of Al-Si-Ge alloys. For alloys containing less
than 2.7wt.% Cu the major affect is to aid the nucleation of
the Si-Ge clusters. For alloys containing more than 2.7wt.%
Cu, O' precipitates in addition to the Si-Ge clusters.
Neither the ternary Al-S5i-Ge nor the quaternary Al-Si-Ge-Cu
alloys show a decrease in hardness with aging up to 800 hours
at 120°C; however, both overage at 160°C after approximately
50 hours.

Although coarsening occurs during aging at 120°C, the changes
are relatively small, at least up to 800 hours, and it does
not appear to have a significant effect on the hardness of
the alloy. The more rapid coarsening that occurs at 160°C
does affect the hardness.

In the alloys studied, copper appears to accelerate the
coarsening of the Si-Ge precipitates. However, the Si and Ge
contents of the two alloys were different and the absolute
affect of Cu could not be determined in this study.

The tensile properties of the Al1-1.0Si-1.0Ge-4.5Cu after
aging for various times at 315°F appear to be very similar to
those of 2014.

The results to date on the Al-Si-Ge-Cu-Mg-Ag were
unsuccessful in replacing 6’ with Q. However, the hardness
results at 120°C suggest that further investigation of this

class of alloy is warranted.
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Figure 1. Hardness-time curves at 120°C for an Al-0.71wt.%Si-
2.6wt.%Ge and an Al-1.1wt.%Si-1.55wt.%Ge-2.7wt.%Cu

alloy.
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Figure 2. Coarsening behavior at 120°C of the diamond precipitates

in an Al-5i-Ge and an Al-Si-Ge-Cu alloy.
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Figure 3. Hardness-time curves at 160°C for an Al-0.71wt.%Si-
2 6wt.%Ge and an Al-1.1lwt.%Si-1.55wt.%Ge-2.7wt.%Cu
alloy.
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Coarsening of Diamond Precipitates in
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Figure 4. Coarsening behavior at 160°C of the diamond precipitates
in an Al-Si-Ge and an Al-Si-Ge-Cu alloy.
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Figure 5. Room temperature hardness measurements of an Al-
0.71wt.%Si-2.6wt.%Ge and an Al-1.1lwt.%Si-1.55wt.%Ge-
2 .7wt.%Cu alloy after exposure for various times at
various temperatures.
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Figure 6. Hot hardness measurements as a function of time at
various temperatures for an Al-0.71wt.%Si-2.6wt.%Ge and
an Al-1.1wt.%S8i-1.5wt.%Ge-2.7wt.%Cu alloy.
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Figure 7.

2.7Cu-1.1S1i-1.55Ge SHT+T6
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Tensile yield strength versus aging time at 160°C for an
Al-1.1wt.%Si-1.55wt.%Ge-2.7wt.%Cu alloy.
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Figure 8. Tensile yield strength versus aging time at 315°F
(157°C) for an Al-1.0wt.%Si-1.0wt.%Ge-4.5wt.53Cu alloy
compared to 2014 (Al-0.65wt.%Si-0.4wt.%Fe—-4.1lwt.%Cu-
0.79wt .%Mn-0.25wt.%Mg.
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TASK 5. TOUGHNESS STUDY OF P/M Al-Fe-X SYSTEM

Principal Investigator: Dr. L.M. Angers
Boeing Contact: Mr. P.G. Rimbos
Douglas Contact: Mr. R. Kahandal

Toughness & Ductility Minima in Al-Fe-Ce.
obiect i

The objective of this task is to gain a greater understanding
of the ductility and fracture toughness reductions that occur in
the dispersion strengthened alloys as temperature 1is increased
into the range of interest for HSCT. 1If the phenomena are
understood, it may be possible to propose methods for reducing or

eliminating the effect.

Background
Rapidly solidified Al-Fe-X alloys and mechanically alloyed

materials exhibit a "ductility minima"” at intermediate
temperatures which have been attributed to dynamic strain aging by
some researchers (1-3). Dynamic strain aging models assume that
solute diffuses to tangles of immobile dislocations. When mobile
dislocations encounter these obstacles, they are impeded to a
greater extent than if the solute had not been there. The effect
only occurs during deformation at intermediate temperatures. At
lower temperatures, solute diffusion rates are too low to allow
solute to diffuse to the tangles. At the higher temperatures,
diffusion rates are high enough that the mobile dislocations can
carry the solute along with them, i.e., the immobile dislocation
tangles are no greater obstacles to mobile dislocations when
solute atmospheres are present than when they are not. At these
intermediate temperatures, the flow stress does not decrease as
rapidly as expected and the strain rate sensitivity is decreased.

Not all researchers agree that the ductility minima are due
to dynamic strain aging. Even though strain rate change tests

performed on Al-Cr-Zr and Al-Fe-V-Si support the occurrence of
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dynamic strain aging, i.e., combinations of strain rate and
temperature which produce low ductilities are consistent with
diffusion rates for the alloying additions, other experimental
observations do not support it. No evidence of serrated yielding,
which is generally accepted as a characteristic of dynamic strain
aging, has been observed in stress strain curves for these
materials. Furthermore, products of mechanically alloyed aluminum
alloys, which should not contain excess solute, exhibit ductility
minima.

W.C. Porr, Jr. (3) has done work on 8009 and proposed a model
that does not involve dynamic strain aging. He suggests that
dislocations climb around dispersoids during intermediate
temperature deformation. When dislocations climb to avoid
particle looping the result is intensified dislocation flow,
plastic damage accumulation and void nucleation at oxides and
dispersoid clusters. According to his model, reducing the amount
of oxide in 8009 and/or improving the distributions of silicide
dispersoids would eliminate void nucleation sites.

Much attention has been paid to the minima that occurs at
elevated temperatures; however, very little work has been done to
explore what effect the elevated temperature exposures have on
microstructures and room temperature properties. There are some
indications that there may also be a reduction in room temperature
ductility (and possibly fracture toughness) after exposures of
these materials to intermediate temperatures (4). Furthermore,
there have been many questions raised about toughness data that
are available. Alcoa data on F-temper material shows that the
plane stress toughness of the Al-Fe-Ce alloy X8019 is excellent
when compared to ingot metallurgy alloys although plane strain
fracture toughness data show X8019 to be inferior. Unfortunately,
little plane stress or plane strain toughness data are available
for material exposed to elevated temperatures. Furthermore, any
available plane stress toughness data are from Kahn tear tests,

and, therefore, are not considered to be as reliable as wide panel
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data.

Therefore, the primary goal of this portion of the
investigation was to generate ductility and toughness data at room
temperature before and after elevated temperature exposures and
determine possible mechanisms for the observed behavior.

An experimental test plan was developed. Three different
microstructures were to be produced in products using varying
amounts of thermomechanical processing. Room temperature tensile
and fracture toughness testing was to be conducted on all three
products using the same sample geometries. In this way, the true
effects of different amounts of thermomechanical processing could
be studied and some of the questions regarding plane stress and
plane strain behavior could be answered. One of the thicker
product forms would also be tested using additional tensile and
toughness sample geometries. Also, the effects of elevated
temperature exposure would also be examined in one of the product
forms.

All tensile and fracture toughness tests were to be performed
at different strain rates. Since all tests would be carried out
at room temperature, the effect of strain rate can be studied
without the additional variable of solute diffusion being
introduced, as is done when test temperatures are elevated.

A P/M Al-Fe-Ce alloy with Mg additions was selected for this
task. The Mg-bearing alloys were selected for two reasons. Since
Mg in solid solution affects dislocation/particle interactions and
increases the work hardening behavior of aluminum, Al-Fe-Ce-Mg was
considered a good system to examine the tensile and toughness
behavior. Furthermore, Al-Fe-Ce powder with Mg additions was
already available for use by the program. This allowed the
timetable established for the program to be followed.

Al-8Fe-4Ce-0.4Mg (X8019) powders were cold isostatically
pressed, hot pressed, and extruded to 2" x 4" bars. Some of the
extruded material was rolled to 1" plate (8" wide) and some was
rolled to 0.125" sheet (8" wide).
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Rrxocedurea

The experimental details are summarized below: Three
microstructures were produced: 2" extrusion, 1" plate, and 0.125"
sheet. From each microstructure 0.125" thick compact tension
fracture toughness samples (3.125" in width and 3" in height) were
evaluated as well as sheet tensile samples. From the 1" plate,
0.6" compact tension fracture toughness samples (1.25" in width
and 1.2" in height) and 1/4" round tensile samples were also
taken. Tension tests and toughness tests were run at different

crosshead speeds as indicated.

Sample Geometry

Microstructures = Tensile Toughness
Extrusion, 2" flat, 0.125" thick 0.125" thick compact
thick tension
Plate, 1" thick flat, 0.125" thick 0.125" thick compact
tension
round, 0.250" 0.60" thick compact
diameter tension
Sheet, 0.125" flat, 0.125" thick 0.125" thick compact
thick tension

Cross Head Speeds (in./min)

Tension Toughness
0.375 0.59
0.0375 0.059
0.00375 0.0059

Room temperature tensile and fracture toughness tests were
performed on the three product forms in the as—fabricated
conditions. In addition, the extrusion was exposed for 1000 hr at

300°F and tested at room temperature.

E 1t i Dj .
The results of tensile and fracture toughness testing are

summarized in Table I. Tensile data include tensile yield
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strength, tensile ultimate strength, and % elongation. Toughness

data include Kg;s values and/or K at maximum load. Kgys is a value

for K on the R-curve based upon the 25% secant intercept of the
load-displacement test record and the effective crack length at

that point. Kg;s is determined in general compliance with ASTM
method E561 using a compact specimen. Kgys indicates a true

property of the material.

The effects of thermomechanical processing, crosshead speed,
specimen orientation, specimen geometry and location within the
thickness have been examined.

For a given crosshead speed, the tensile yield strength of
the P/M Al-Fe-Ce~-Mg alloy increases as the amount of
thermomechanical processing increases. As a result, sheet has the
highest yield strength, followed by plate and extrusion. This 1is
not unexpected since the same behavior has been observed in the
P/M Al-Fe-Ce alloy with no Mg.

Mg increases the work hardening of the Al-Fe-Ce alloy.
Tensile yield strength is plotted as a function of product
thickness in Fig. 1 for the alloy of the present investigation and
for the X8109 alloy, e.g., Al-8 Fe-4 Ce. The data for X8019 were
collected on samples with similar thermal processing history (5).
Note that the tensile yield strengths of both alloys were similar
for all product forms; however, the ultimate tensile strengths of
the alloys with Mg were much higher than those of the alloy having
no Mg.

For all product forms and conditions, ultimate tensile
strengths increased as crosshead speed increased. In general, no
significant changes in elongation were noted as a function of
crosshead speed for the different product forms, with one
exception. In the case of the 1/8" sheet samples taken from 1"
plate (t/4 plane), elongation increased as crosshead speed
decreased.

For most of the conditions examined, tensile yield strength

was relatively insensitive to crosshead speed. Here, the
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exception was the 0.125" thick sheet, where the longitudinal
tensile yield strength increased with decreasing strain rate and
the transverse tensile yield strength was constant for fast and
intermediate crosshead speeds but decreased at the slowest speed.

The effects of specimen location within the thickness and
specimen geometry were examined in the 0.6" thick plate. For any
given crosshead speed, tensile yield strength values were 1 to 2
ksi higher at t/2 than at t/4. The effects of specimen geometry
are illustrated by comparing the data from 0.250" round specimens
to data from 0.125" thick sheet specimens from the t/2 location.
Differences in tensile yield and ultimate tensile strengths were
insignificant at the slow and intermediate crosshead speeds. The
difference in tensile yield strength of nearly 2 ksi which was
observed between the two specimens tested at the fastest crosshead
speed may be significant.

The effects of elevated temperature exposure, e.g., 1000 hr
at 300°F, were studied in the 2" thick extrusion. While the
tensile properties of the as-fabricated material were insensitive
to crosshead speed, the tensile yield strengths of the exposed
material exhibited a minima at the intermediate crosshead speed.
For the high and low crosshead speeds, the tensile yield strengths
of the exposed material were about 2 ksi higher than the tensile
yield strengths of the as-fabricated material. Elongations were
not affected by the elevated temperature exposure.

The best strength/fracture toughness combinations are
achieved in product forms that see the highest degree of
thermomechanical processing. Data in Table I for 0.125" thick
specimens from as-fabricated sheet, plate and extrusions show that

tensile yield strengths and Kiys values for the as-fabricated sheet

are higher than those of plate and the tensile yield strengths and

Kp,; values for plate are higher than those of extrusions for all

crosshead speeds studied.
Figures 2, 3 and 4 display crack growth resistance curves for

0.125" thick specimens from as-fabricated sheet, plate and
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extrusions, respectively. For the as-fabricated sheet and plate,
the slowest crosshead speed produces the greatest crack growth
resistance and the most stable crack extension. In the extrusion,
the greatest crack resistance and the most stable crack extension
are obtained in the specimens tested at the slowest and fastest
crosshead speeds. Regardless of crosshead speed, all of the
0.125" thick specimens from the sheet, plate and extrusion had
fracture surfaces with a combination of slanted and flat regions.

Crack growth resistance curves for the 0.6" thick compact
tension specimens taken from 1" plate are presented in Fig. 5.
Duplicate samples were tested at each crosshead speed. For all
crosshead speeds, values for toughness were low and very little
stable crack growth was obtained. Failed test samples had flat
fracture surfaces, indicative of plane strain conditions. The
differences in the crack growth resistance curves of duplicate
samples suggest that these data are not reproducible.

Figure 6 is a plot of crack growth resistance as a function
of effective crack extension for 0.125" thick samples taken from
the as-fabricated extrusion and the extrusion exposed for 1000 hr
at 300°F. Specimens from the exposed extrusion exhibited the
greatest crack growth resistance and the most stable crack
extension when tested at the slowest crosshead speed. Specimens
tested at the fastest crosshead speed exhibited the least crack
growth resistance and the least stable crack growth. This
behavior is somewhat different than the behavior of the
as—-fabricated extrusion, where specimens tested at the slowest and
fastest crosshead speeds were similar in terms of crack growth
resistance and the extent of stable crack growth. 1In general, the
effect of the elevated temperature exposure was to increase crack
growth resistance.

Many of the 0.125" thick fracture toughness specimens had
fracture surfaces suggesting a mixed mode of failure, e.g., some
plane stress and some plane strain character. These observations

are summarized for the specimens from the extrusion in Table II.
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In theory, brittle fracture is usually associated with a flat
featureless surface without any shear lips whereas a slanted
fracture surface has shear lips and is typically associated with
an increase in the energy necessary for fracture and a more
ductile type of fracture. A flat fracture is representative of
plane strain conditions while a slanted fracture is representative
of plane stress conditions. As-fabricated samples which were
tested at intermediate crosshead speeds have a flat fracture
surface while those samples tested at the slowest and fastest
speeds have a combination of slanted and flat (mixed mode)
fracture. Samples of the extrusion exposed to elevated
temperatures exhibited slanted and flat (mixed mode) fracture
surfaces when tested at the intermediate and slowest speeds and
flat fracture when tested at the fastest speed. Values for K at
maximum load correlate with the observed fracture morphology (see
Table II), i.e., mixed mode fractures produce higher values for K
than flat fractures. Regardless of crosshead speed, failed
samples from the as-fabricated extrusion and the exposed extrusion
had markings on the fracture surfaces that were correlated with
rapid load drops on the load-displacement curves. The rapid load
drops are due to regions of unstable crack propagation. These
regions on the load-displacement curves were avoided when drawing
secant intercepts.

Strength/toughness data generated for P/M Al-Fe-Ce-Mg alloy
are compared with data on %8019 (6) in Fig. 7. The Al-Fe-Ce-Mg

alloy has lower strengths and lower toughness values than X8019.

Summazy
. Mg increases the work hardenability of P/M Al-Fe-Ce. Tensile

yield strengths for X8019 and Al-8 Fe-4 Ce-0.4 Mg are
similar, but ultimate tensile strengths are greater for
Al-8 Fe—-4 Ce-0.4 Mg.

. The highest tensile yield strengths are achieved in product
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forms receiving the most hot working during thermomechanical
processing. Tensile yield strength increases in the
following order: extrusion, plate and sheet. Similarly, the
best strength/plane stress fracture toughness combinations
are achieved in product forms receiving the most hot working.
Except in sheet, crosshead speed had no significant effect on
tensile yield strength or elongation to failure. In sheet,
the tensile yield strength decreased slightly when crosshead
speed was increased.

The effects of specimen geometry and location were small.
When tested at the highest crosshead speed, the tensile yield
strength measured in a round specimen was about 2 ksi higher
than the tensile yield strength measured in the flat
specimen. Also at the highest crosshead speed, the tensile
yield strength measured in a flat specimen located at t/2 was
3 ksi higher than the tensile yield strength measured in a
flat specimen located at t/4.

After exposure of the extrusion for 1000 hr at 300°F, tensile
yield strengths measured at the slowest and fastest crosshead
speeds were increased slightly while the tensile yield
strength measured at the intermediate crosshead speed was
decreased. Elongations to failure were not affected by the
exposure. For all crosshead speeds, the exposure resulted in
greater crack growth resistance and more stable crack growth.
In general, the greatest crack growth resistance and most
stable crack growth was measured in specimens tested at the
slowest crosshead speed. The effects at the fastest and
intermediate crosshead speed varied for the different
products, specimen geometries and locations.

For some toughness tests, transients of unstable crack growth
resulted in discontinuities in the load-displacements curves.
When compared to X8019, Al-8 F-4 Ce-0.4 Mg alloy has a

reduced strength/toughness relationship.
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Figure 1, Tensile yield strength and ultimate tensile strength as a function of thickness
for the P/M Al-8Fe-4Ce-0.5Mg alloy and X8019.
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Figure 2. Crack growth resistance, KR, as a function of effective crack extension for
specimens from 0.125" thick sheet tested at various crosshead speeds. Compact tension
fracture toughness specimens were 3.125" wide x 3" high x 0.125" thick.
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Figure 3. Crack growth resistance, KR, as a function of effective crack extension for
specimens from 1" pla