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Introduction

he powder approach to alloy development has distinct metallur-

gical advantages over the conventional cast and wrought approach.
Processes employed for powder production can generate solidification

rates sufficiently fast to suppress nucleation and growth of inter-
metallic compounds and/or low-melting eutectics. Powder metallurgy

(P/M) processing also provides the ability to add large amounts
of the commonly used primary hardening constituents without

segregation problems and to introduce fine dispersed phases of

normally hard-to-alloy constituents in a well distributed fashion.
The quenched microstructure of such an alloy is primarily a homo-
geneous supersaturated solid solution with a very fine dendritic

spacing. This allows for the development of improved combina- for
tions of mechanical properties along with improved ease of
wrought fabrication of the P/M product. ;

In addition, the powder approach affords khe opportunity for a
low-cost manufacturing method. Direct near net shape hot pressing
or powder forging combines the superior mechanical properties
discussed above with the reduction of final product machining
costs and material requirements.

Since the late 1950's there has been activity in development of
heat-treatable high strength aluminum base alloys and products

(1-66). Distinction

is made at this point between these recent alloy development

fabricated by the powder metallurgy process

efforts of heat-treatable alloys for near room temperature
applications, and the earlier dispersion strengthened aluminum
and aluminum alloy work for elevated temperature applications
which will not be discussed.

Results from several of these recent investigations, which were
conducted by research personnel at Kaiser Aluminum and Chemical Co.,
CA or at the Alcoa Technical Center, PA., show that heat-treatable
aluminum powder alloys having combinations of high strength

(greater than 7075-T6) and superior resistance to stress corrosion
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cracking can be produced. The early Kaiser P/M program(1)

investigated evacuation technology and aluminum P/M alloys
intended for elevated temperature service wherein the alloying
elements were relatively insoluble in solid aluminum at high
temperatures. Later studies(z-s) investigated greatly increasing,
by P/M technology,the ingot metallurgy (I/M) alloy limits, or
alloyability, of aluminum for service at, or near, room tempera-
ture. Similar to the early research effort at Kaiser, the early
P/M research programs at Alcoa concerned development of disper-
sion strengthened aluminum®* and aluminum alloys** for elevated
temperature applications. Later Alcoa aluminum P/M programs(6'31)
have been directed at development of high strength P/M alloys
for use at, or near, room temperature, where the oxide content
is incidental - less than 0.5 w/o. These (latter Alcoa) programs
have been centered around composition studies and examination

of the effect of some processing variables on achieving definite
combinations of improved mechanical properties - strength,
ductility,KIc
these programs were basically intended as a P/M alloy develop-
ment effort with an associate investigation of the processing

fracture toughness, and stress corrosion threshold;

variables necessary to produce full scale components.

Additional investigations and reviews(32-66) have contrasted
strength properties of various aluminum P/M products to the
conventional I/M properties. However, no comprehensive study
has been published for air atomized prealloyed powders which
details the effect of metallurgical processing parameters on
the properties and microstructure of high strength aluminum P/M
alloy products. In addition, no concerted effort has been made
and thus very little work has been published concerning the
relationship among processing parameters, metallurgical micro-

* sintered aluminum powder (SAP) is a non-heat-treatable
dispersion strengthened alloy of aluminum and its oxide
developed in Switzerland in the late 1940's.

**Aluminum powder metallurgy (APM) is the Alcoa designation
for non-heat-treatable alloys with alloying elements added
to form finely dispersed, insoluable components with aluminum,
oxide contents are incidental - less than 0.5 w/o.
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structure, and the fatigue crack growth behavior of aluminum
alloy P/M products. Consequently, an insufficient understanding
of the processing-microstructure-property interrelationship

of these high strength aluminum P/M materials exists today,
especially with regard to fatigue.

It is therefore the intent of the present research effort to
develop an understanding of the metallurgical factors governing
the types of microstructure obtained in high strength aluminum
P/M products and to define the processing-microstructure-property
interrelationship. In pursuit of this goal the complete potential
of the P/M technology is not being employed. That is, alloying
with elements wirich are not added to commercial wrought high
strength aluminum alloys by conventional casting techniques,

due to deleterious, brittle intermediate phase or nonequilibrium,
low-melting eutectic phase formation, is not being pursued in
this program. In short, the present program is not an alloy
development effort. Instead, it was chosen to inyvestigate the
same alloy content in both the P/M and standardIggndition to
permit the correlation of mechanical properties, fabrication
parameters, and microstructure between P/M and I/M materials

of the same basic composition. In particular, this approach
involves determining the metallurgical features controlling
structure-property relationships in powder alloys with particular
emphasis directed at the crack growth behavior. The two most
widely used aerospace aluminum alloys, 2024 and 7075, were
selected for investigation because of their current relevancy
and the wealth of I/M background information that is available

for these alloys.
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Objective

The objective of this effort is to determine the processing and
metallurgical factors controlling the structure-fatigue

behavior relationship in high strength aluminum powder metallurgy
products. The aim is to develop a processing schedule based on

a desired microstructure that will yield improved combinations

of crack growth behavior and other mechanical properties, while
maintaining good stress corrosion resistance.

A second objective is to combine the optimum microstructure-
property relationship described above with an ecoromic hot
compaction process. Hot pressing and near net shape forging of
powder compacts are two viable manufacturing technologies which

offer a high potential pay-off for an economical hot compaction
process.

A S e < ettt b




Procedures

The compositions of the alloys investigated are based on the
two most widely used high strength aluminum I/M alloys 2024
(AlCuMg2) and 7075 (AlZnMgCul1,5). The chemical analysis for the :
P/M and corresponding I/M alloys invesatigated are given in
Table 1. The various prealloyed, air atomized powders were
commercially produced by Alcoa (Alcoa Technical Center). The
oxygen content was determined by standard wet-filter analysis
. methods for the uncompacted powder and by photon activation
analysis for the compacted/extruded samples. After compaction 3
and extrusion the particles oxide surface layer has been so ]
finely broken up that the oxide particles flow through the
filter paper used for standard wet analysis. Consequently, the
standard filtration analysis of compacted and extruded P/M
products yields oxygen contents which are a factor of 102 to
low. E

v
The improved compaction/fabrication procedures employed to , !
produce high guality P/M products consists of seven steps.

(1) Cold Compaction: Room temperature isostatic compaction at

240 MPa employing a wet bag technique in a National Forge
hydraulic machine is used to produce an 80 % dense green
compact. Isostatic pressing results in somewhat higher
densities than conventional pressing for a given compacting
pressure. However, isostatic pressures significantly higher
than 240 MPa produce green compacts with densities greater
than 85-90 %. This higher density level hinders evacuation
and seals much of the gaseous product so it cannot be removed
during evacuation. Both of the P/M alloys have a 45 % apparent
"as poured" density which can be vibratory compacted or hand
tamped to 58% tap density before cold isostatic pressing.
The isostatic pressing operation has no effect on the P/M
product's final mechanical propeities. However, because an
‘ upper bound on the end mass of the final P/M product results }
« from the size of the extrusion press container, production

efficiency and capacity are maximized by hot pressing an 80 % :
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dense green compact instead of 45 % or 55-60 % dense green
compacts. The average experimental compression ratio for both 1

alloys from the vibratory compacted condition to the isostatic

*
Vol
produced in 44 mm diameter by 55 mm and 76 mm dia. by 205 mm

pressed condition is C = 0.715. Green compacts have been

long forms.

Canning: The green compacts can be easily turned on a lathe,
center rest necessary for the longer compacts, and there-
after fit snugly into AlMg-3 aluminum alloy cans of 3 mm
wall thickness. 'he cans must be double welded to prevent v

(24e)

vacuum leakage, as has been reported by Cebulak . Figure 1

shows typical green compacts in the isostatic pressed,
machined and canned conditions.

Preheating and Evacuation: Because the aluminum powder's surface

oxide is very reactive with respect to moisture at room tempe-
rature, it is necessary to remove a high percentage of the water
and hydrogen content from the surface oxide before complete
densification. This is accomplished in order to prevent high
gas pressures in the finished P/M product at the solution heat
treatment temperature (SHT). High gas pressures at this
temperature in the near 100 % dense product can cause
additional internal porosity, delamination, or blistering

of the metal surface.

Evacuation of the canned green compact is initiated at room
temperature and continues until a vacuum pressure of 10-4 Pa
is reached in the vacuum chamber, figure 2. At this point the
cans are checked for leakage and, if sound, placed in an
electrically heated air furnace for preheating and further

evacuation. A flexible steel hose connects the can's AlMg-3

evacuation tube to the vacuum chamber. The furnace is
automatically switched-off when the pressure increases
to 10—2
3 pressure falls below 3 + 10

Pa and is automatically switched-on again when the
J Pa. This procedure is followed
to prevent contamination of the compact since a cold trap is
not employed on the vacuum system and also to expedite the

evacuation process by reducing the likelihood of an over-

instead of p o

* b
modified compression ratio = pgreen/ptap green papparent
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Figure 2: Schematic representation of the evacuation system
used for both 2024 and 7075 canned green compacts.
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pressure within the can hindering complete evacuation of
slow leaking porosity,

(3.1.) Background Concerning Vacuum Degassing: In order for high

strength aluminum P/M alloys to develop their potential
mechanical properties it is necessary to reduce or eliminate
porosity. Aluminum powders do not respond to sintering, as

do other P/M materials, because the surface oxide is not
reduced during sintering. Instead high temperature sinter-
ing of an aluminum P/M green compact in air causes dehydra-
tion, substantial alteration (transformation) of the nature
of the oxide(67) (68)
and increase of the oxide

, oxide cracking
(69) content by reaction of the

, and subsequent healing

released oxygen with the freshly exposed aluminum. However,
the above described sintering is accomplished without
sufficient strength increase and porosity reduction. Conse-
quently, several elevated temperature (600 K to 850 K)
degassing treatments have been investigated for aluminum
P/M production: flowing dry atmospheres with low oxygen
contents, flowing inert atmospheres (nitrogen and argon),
and a partial vacuum.

For low and moderate tensile strength aluminum P/M alloys

(< 450 MPa), liquid phase sintering of precompacted,blends
of elemental powders in a flowing dry, low oxygen content
or dry inert atmosphere followed by hot working (powder
forging) is sufficient to produce acceptable strength

(18, 21). Liquid phase sintering allows for rapid
diffusion of alloy elements and "cracking and peeling off"(66)
of the oxide film to promote the sintering process. How-
ever, liquid phase sintering treatments can not provide the
properties demanded for high strength aluminum P/M products.
Even when extensive hot working operations are employed

and densities approach 100 $ of the calculated theore-

tical density, liquid phase sintered products still contain
a small (< 1 %) amount of porosity. In addition, liquid
phase sintering has a deleterious effect on the mechanical
properties of the high strength alloys because of the
brittle eutectic that results in the grain boundaries.

levels

-




(3.2.)
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For high strength aluminum P/M alloys acceptable properties

have been developed by high temperature (700 K to 850 K)

degassing in a flowing, dry inert atmosphere(zz’ 25). How-

ever, Lyle et al.(21)

reported finding significant'traces
of hydrogen within the final P/M product and nitrogen/argon
on fracture surfaces of these products. Further work by

(22) and Cebulak(23) following the efforts
(68)
3

Cebulak and Truax
of Dromsky and Lene on SAP, demonstrated significant
fracture toughness (NTS/YS) and ductility improvements

(24e)

resulting from a vacuum (133 Pa) preheat process.

These improvements were especially remarkable in the short
transverse direction of extruded products. Lyle and Cebulak(zs)
reported that porosity is not a significant factor in the

structure of P/M products produced by vacuum preheating.

(4, 5 has investigated reduction of water, hydrogen

Roberts

contamination and pore elimination by vacuum degassing
-2

(10

not to cause deleterious agglomeration of the dispersoid

Pa) at moderate temperatures (600 K to 700 K) so as

transition elements. The investigation was not directed at
fine powders but rather at powders in the 150 to 44 um
range so as to reduce the total contaminated surface oxide
area. Although excellent longitudinal properties were
obtained, transverse ductility was poor - possibly from
insufficient extrusion deformation of 8.5:1 (88 %) with
-100 +325 mesh powders - and longitudinally oriented
internal porosity was not eliminated by the vacuum treat-

ment.

Evacuation System: The vacuum system consists of a Leybold-

Heraeus D60OA mechanical pump with a 60 m3/hr rating and a
Leybold-Heraeus PD1000 diffusion vacuum pump rated at

1000 L/sec, figure 3. Vacuum pressure measurements are made in
the vacuum chamber at room temperature with a THERMOVAC TM 20
constant resistance conductivity vacuum gauge from 105 Pa

to 107! Pa and with a IONIVAC IM 20 hot-cathode ionization
gauge from 10° Pa to 1078
to a Leybold-Heraeus COMBIVAC IT 20 master unit for control

and pressure read out. The COMBIVAC IT 20 master control

Pa. The pressure gauges are connected

|

s e simm
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Figure 3: Evacuation system with flexible steel hose connected
to two canned green compacts (lower left). The system has six
hose connections with valves, four flexible hoses shown here
are leading direct to the furnace (not shown). The canned green
compacts shown are the shape used for HIPing.
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unit contains a "Torrostat S 20" pressure switch which
E | allows auxiliary, pressure-dependent on/off switching based
on two programmable pressure settings.

(3.2.1.) Pressure Measurement: The physical phenomenon utilized
for pressure measurement in thermal conductivity vacuum j

gauges is that the thermal conductivity of a gas, within
certain limits, is dependent on the gas pressure. For
constant resistance thermal conductivity vacuum gauges,
such as the THERMOVAC TM 20, the sensing filament

located within the gauge tube forms one branch of a
Wheatstone bridge circuit. The heating potential applied
to this bridge is controlled so the resistance and there-
fore the temperature of the sensing filament remains
constant independent of the rate of heat transfer from
the filament. Since the rate of heat transfer from the

sensing filament to the gas increases with rising gas
pressure, the potential applied to the permanently
balanced bridge is a measure of the pressure. -

With respect to the IONIVAC IM 20, a precise, constant
k. electron current is emitted by a hot cathode which ionizes
4 the surrounding gas particles. The resulting positive ion
current being proportional to the pressure, or number of
gas molecules available for ionization.

(3.2.2.) Measurement of Out-gassing Products: Out-gas products are
monitored with the aid of a Centronic type 12 Analytical
Ion Gauge, AIC 50. The ion gauge has both total and
partial pressure measurement capabilities. The AIG 50 ion

gauge operates in the pressure range from 10-2 Pa to

10”7 Pa and in the mass range from 2 to 50 a.m.u. The
gauge head is mounted on the vacuum chamber and as such
pressure measurements are made at room temperature. For
partial pressure measurements, the ionizer is designed so
that, by potential inversion, the ion beam enters a
quadrupole mass filter so only ions of the selected mass
number reach the Faraday cup collector. For total pressure
measurements, all the ions produced are collected on a

separate electrode. The mass peak resolution over the
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(4)

(5)

whole mass range at 50 % peak height is M/AM > M.

In addition to periodic total pressure measurements with
the analytical ion gauge, a two channel linear SERVOGOR 2§
plotter is used to continuously record the vacuum pressure

as measured by the IONIVAC IM 20 gauge in the vacuum chamber

and the furnace temperature. Along with the furnace's
built-in thermocouple, the temperature is recorded from
a Type K Chromel-Alumel thermocouple embedded in a 40 mm
dia. by 40 mm long 2024 aluminum alloy block placed in
the furnace next to the can being evacuated.

Homogenization: The green compacts are simultaneously subjected

to homogenization and vacuum preheat treatments. After the
alloy's respective SHT temperature is reached, homogenization
and further evacuation are conducted according to the follow-
ing schedule, figure 4:

2024 - 24 h at 766 K
7075 - 16 h at 733 K + 24 h at 743 K.

After the homogenization treatment has been completed, the hot,
aluminum evacuation tube is hammered flat along approximately
a 70 mm section, starting approximately 40 mm before the can.
The section is subsequently pinched in three places, with the
apparatus in figure 5, and is finally severed with this
apparatus at the middle pinch. The pinched tube is immediately
welded to insure a partial vacuum is maintained in the can.
During this complete operation the vacuum pressure is monitored
to insure that a leak is not developed during hammering or
pinching. The final vacuum pressure at the time of closure in
the vacuum chamber is 10™% pa.

Hot Pressing/Compaction: The hot compaction operation is
accomplished either in an extrusion press against a blind die
or by impact extrusion in a high energy rate forming (HERF)
Dynapak machine with a thick copper disc placed between the
die and compact.

The canning material is machined away (turned) after this

compaction step and before extrusion.
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Figure 5: Hinged pinching apparatus used to cut and pinch the
AlMg3 evacuation tube connecting the canned compact to the
flexible steel hose, cutting edge on left side. Evacuation tube 1
is flattened by hammering prior to being pinched and cut.
(Prior pinching of the tube on each side of the cut is not
visible.)
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Extrusion Press: A 634 MPa, 80 mm ¢ (diameter) press at

the Vereinigte Aluminium Werk's (VAW) Leichtmetall-
Forschungsinstitut in Bonn is used for hot compaction.
A dwell time of 10 min under full pressure (634 MPa) at ]
a temperature of 753 K for the 2024 alloy and 723 K for i
the 7075 alloy is employed. The hot can is given a coat-
ing of graphite lubricant as it is placed in the extrusion
container. Without lubricant the compacted product (billet)
has a tendency to deform into a "U" shape when ejected from
the press. The welded evacuation tube nipple is slightly

bent over on to the top of the can and placed in the press

against the blind die/flange. The green compact is SHT in a

circulating air furnace at the alloy's respective SHT

temperature just prior to compaction, with a soaking time

according to the compact diameter(70): for the 76 mm ¢ com- P
pacts 210 min. at 766 K for 2024 and 743 K for 7075. Compaction
is conducted on the same day the evacuation tube is pinched
and sealed. This practice is intended to minimize the effect
of slow vacuum leaks which could be developed during sealing
and go undetected. To date only 76 mm ¢ x 200 mm canned

green compacts have been compacted by this process.

It is important to note that for both hot pressing/compaction
and extrusion, the extrusion press container and the green
compact, or billet in the case of extrusion, are preheated

to the referenced preheat temperature. The extrusion
container is resistance heated while the canned green

compact is preheated in a circulating air furnace. The
extrusion billet is preheated to the extrusion temperature,
after the can is removed, inductively.

HERF Hot Compaction: This compaction process employs DFVLR's
Dynapak and is similar to that described above for the
extrusion press with the following exceptions: no dwell time
is possible with the Dynapak, canned green compacts are
50mm ¢ x 60 mm or 76 mm ¢ x 95 mm, a die with a 15 mm thick
half hard copper disc is inserted between the die and canned
compact, a Dow Corning "Molykote" spray lubricant is applied

to the die surface and the extrusion container, and an energy
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? of 2.155 . 104 Joule. The deliverable Dynapak energy is
adjustable between 2.155 - 10 and 6.66 - 10% Joule.
The intent of the copper disc is to provide initial
flow resistance and thereby insure full densification,
while allowing excess energy to be absorbed in deformation
of the disc through a die. A slight amount of macroscopic
metal flow therefore occurs in material compacted by this
process. The die is 20 mm ¢ for the 50 mm ¢ compaction
and 34.5 mm x 18.5 mm for the 76 mm ¢&.

T

The Dynapak's extrusion container is flame heated,
figure 6.

(6) Hot Working: A hot working operation is applied to the billet
by extrusion to provide additional strength and ductility. The
extrusion billet is inductively preheated to the extrusion
temperature and is extruded through an unlubricated 180° die.
The extrusion pressure is initially adjusted to yield a defect v
free surface. The ram speed which is controlled by the extrusion
pressure, is maintained constant at the highest speed/pressure
which produces the defect free surface. (In removing the canning
material, the billet is reduced in size from 80 mm to approx.
70 mm in diameter and 160 mm to 135 mm in length.) Extrusion
was performed under various conditions as reported in the
Results Section of this repcrt.

For HERF impact extrusion, the Dynapak energy is again adjusted
for 2.155." 104 Joule as for HERF hot compaction. A 16 mm ¢,
conical die with a 110° included angle is lubricated, as is the

extrusion container, with MOLYKOTE. The extrusion container is

43 mm ¢ and therefore provides a 7.14 : 1 direct extrusion ratio
(86 % reduction in area).
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Figure 6: Schematic presentation and picture of DFVLR's Dynapack
HERF impact extrusion apparatus. The protection cylinder (middle o
picture) travels with the Hammer Head to cover the container/die
during impact, protection cylinder not shown in schematic.
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¥ 20 ~ 4 l

Heat-Treatment: 2024-T351 and 7075-T651

Solution a:b) Water Stress ¢r4)
Alloy Treatment Quench Relief Age
2024 766°K R.T. water 1% % stretch 7-10 days R.T.
7075 743% R.T. water 1% % stretch 3- 5 days R.T. +

24h 394°k

a) Time as per reference 70
- 1 h in salt or 1%h in air for 16 or 18 mm ¢ products
- Z%h in salt or 3%h in air for 70 mm @ products

b) SHT in salt unless otherwise noted
¢) Within 1 to 2 hours after quench
d) Without stress relief: 2024~T4 and 7075-T6 e

Mechanical Property Evaluation: All mechanical property tests were v

conducted with, as a minimum, duplicate test specimens from the
longitudinal direction and machined according to specifications

in Appendix A. Tensile, compression, and notched tensile tests
were conducted at room temperature with a Zwick machine. All
mechanical property testing was conducted according to test
procedures outlined in ASTM Standards, 1975 Part 10: Designation

E 8-69 for tension testing, E 9-70 (1973) for compression testing,
E 338-68 (1973) for sharp notch tension testing, and E 466-72T for
fatigue testing.

For tension and compression-yield tests with the Zwick machine,

a crosshead extension of 1 mm - min_1

was used. For the type of

specimens examined, this extension rate yields an average elastic

2 1 -3
and 5+10

compression testing respectively. These strain rates are within

strain rate € = 1+10 “min” min~! for tension and
the ASTM Standards' maximum allowable stress application rate of
690 MPa - min~|

1

after. At RT, aluminum alloys are not sensitive to ¢ < 1510 %min~1.

for yield point determination and 0.5 min~ | there-

For sharp notch tension testing a crosshead extension of 0.5 mm -

-1

min was employed. For the sharp notch tension specimen examined,

3min-1. |

this extension rate yields an average strain rate € =5 10
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Sharp notch testing of aluminum alloys at room temperature are
reported as not being appreciably sensitive to the rate of
loading provided strain rates normally used for tensile testing
are employed. This testing is performed to provide a NTS/YS ratio,
an accepted, accurate measure of fracture toughness in aluminum
alloys. In general, NTS/YS ratios exceeding 1.25 indicate high
toughness properties.

The notch fatigue tests, Kt'3 were conducted with an Amsler
resonance fatigue machine operating at a frequency of 100 cps.
All tests were conducted in lab air at r = 0.1.




Progress and Results

Ve Powder Characterization

The various prealloyed powders used for this investigation were
ailr atomized. Atomized powders were chosen because they are:
readily available commercially,solidified with a high solidifi-
cation rate (10% to 104 K sec™), easily producible with medium*

to fin&" average particle diameters (APDs), and irregularly shaped.
Figures 7,8 show the fineness of the solidification structures
which have an average 2.4 um dendrite spacing. The dendrite arm
spacing (DAS) ranges from approx. 1.2 to 3.5 um for 2024 particles
and to 3.75 um for 7075 particles, figure 9. The powders were

also examined with a CAMBRIDGE STEREOSCAN S4 30KV (max.) scanning
electron microscope and found to be irregular, slightly -
elongated, rounded and have some porosity, figure 10. The size
distribution for the 7075 alloy L powder with an 88 um APD is
shown in figure 11, and for the 2024 alloys D through G powders

with 117, 82, 44, and 36 um APDs respectively, in figure 12.

2. Powder Compaction

2.1. Cold Isostatic Compaction

The effect of prior cold (room temperature) isostatic compaction
on final mechanical properties was investigated for 2024-T351
alloy E. A comparison was made between P/M products produced by

25 : 1 direct extrusion (96% red. in area) at 753 K, from green
compacts of 80 % density (isostatic pressed) and 58 % tap density
(vibration compacted). Mechanical property data from both products
show no significant effect of the cold isostatic compaction, how-
ever from the 4 samples tested a slight ductility increase appears
to have resulted from the isostatic compaction.

Compaction UT8  ©0.28 ¥8  0.2¢ CYS | R.A. e (In 4D) | NT5/YS
(T351) (MPa) () g

Isostatic 494 382 393 27.8 17 .0 1.42

Vibration 492 382 392 24.5 15.6 1.40

* - 100 + 325 mesh (149 to 45 um)
*%* _ 325 mesh (11 um)

SRR - N




Figure 7: Representative sample of the dendrite arm spacing (DAS) in
"as atomized" 2024 alloy E powder. Partial central porosity and rounded
surfaces are noticeable in the embedded and polished powder (above).
The DAS size range is observed in the 80 % dense, cold isostatically
pressed green compact (below).
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Figure 8: Representative sample of the dendrite arm spacing (DAS) in
"as atomized" 7075 alloy L powder. Partial porosity can be seen in the
embedded and polished powder (above), especially noticeable in the

larger particles. The large size distribution between the 2024, figure 7,
and 7075 powders is readily apparent.
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100x

80 % dense
Sample shown

for the 2024 P/M alloy E is representative also of the

Representative structure of the
7075 P/M structure.

cold isostatically pressed green compact.

Figure 9:




L

2024
(APD 44 um)

500x

7075
(APD 88 um)

200x

Figure 10: Representative SEM pictures for characterization of the
irregular, slightly elongated 2024 (above) and 7075 (below) powders.

As a whole, no significant difference exists between the 2024 and 7075
powder shapes, the 2024 picture (above) was selected because of the ]
surface detail that is provided by the particle in the lower left of

the picture.
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2.2. Hot Isostatic Compaction

An investigation of the 2024 alloy E response to hot isostatic
pressing (HIPing) was conducted. The powder was cold iso-
statically pressed, canned, and evacuated in the manner previous-
ly described for hot compaction. The canned green compact was
HIPed at 713 K for 2h under a pressure of 132 MPa, figure 13.
Subsequent property investigations revealed a non-ductile

product having a density of 2.63, - 103 3 (94.3 % dense) and

2
a tensile yield strength equal to the material's 188 MPa ultimate

kg~m-

strength. In addition, 1 mm @ blisters were observed on the
surface of products which were SHTed.

The tensile fracture surface of the HIPed product appears very
similar to the cold isostatic pressed surface as viewed in the
SEM, figure 14. It is apparent that significant densification,
particle shearing and rewelding of fresh metal surfaces, has

not taken place. In particular, the smaller particles have not
been subjected to sufficient shearing and extension of the metal
to metal contact area, but rather restructured to form semi-

continuous, low density planes or weak zones.

2.3. Hot Unidirectional Compaction

P/M products from the 2024 alloy E were produced without any

hot working (deformation) operation after hot pressing and
examined in the T351 condition. This production procedure
follows steps 1 through 8 previously outlined but omits step 6 -
hot working.

The P/M products were compacted by:

(1) unidirectional hot pressing® in the VAW extrusion press at
753 K with 615 MPa applied for 10 min (dwell) yielding a
71 mm @ x 144 mm billet - after removal of canning
material - and a density approaching 100 %, and

*A slight amount of buckling of the can occurred along the first
40 mm from the blind die causing an extra 2 mm to be removed
from the diameter along this length.
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tensile fracture
surface of a non-
ductile hot iso-
statically pressed
product

93 % dense
UTS = 0.2% YS = 188 MPa

cold isostatically
pressed

80 % dense

Figure 14: SEM fractographs of 2024 alloy E powder after hot
isostatic pressing (above) and cold isostatic pressing (below).
Zones of weakness caused by low density planes are readily
apparent in the HIP structure. Surface buldges in cold pressed
powder are possibly due to internal gas pressure in the central
porosity, figure 7. Similarity in material surfaces shows lack of
oxide breakage and metal to metal welding for both conditions.

p——
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Fq (2) HERF unidirectional hot impact compaction with DFVLR's
' Dynapak at 753 K with 4.75 - 106 Joule-m-'2 {5.00 - 107 Joule-m-3)
yielding a 69 mm @ x 62.5 mm billet - after removal of

4 canning material - and a density of 2.806 - 1O3kg-m-3.

These two methods of hot compaction were chosen to simulate the

t two general classifications of forging processes - impact
forging by HERF hot impact compaction and press forging by hot
pressing - in order to investigate the material's response to

" ~ conventional, economical manufacturiny processes. The slower

deformation process, press or creep forging, is known to produce
superior mechanical properties in I/M aluminum alloys whereas
the impact or hammer forging process has the potential for in-

£ creased rate of production.

Table 2 lists the properties of these hot compacted products

and figures 15 and 16 display their notched fatigue behavior for
a stress concentration factor (Kt) of 3. The notched fatigue
strength at 107
represents a significant fatigue strength advantage over the

cycle of 125 MPa for the hot pressed product

impact compacted product. A more definitive fatigue strength
at 107 cycles for the impact compacted product was prevented

because of the limited number of test specimens which could be

obtained from one impact compacted sample, however, it is

6 2

significant that for hot impact compaction at 4.75 10" Joule-m

the notched fatigue properties are not as good as the hot pressed

product's properties. Furthermore, the hot pressed products’
fatigue strength is significantly better than I/M products for
the same heat treatment - 125 vs 105 MPa - as will be discussed
later under extrusion of 2024 P/M.

SEM Fractographic examination of tensile specimens from the hot
pressed product, figure 17, shows that a considerable increase
in the degree of metal/metal area has been produced over the
HIP process, figure 14. Even though an outline of some of the
prior powder particles and possible slight porosity is evident,
the hot pressed product's strength approaches that of the 25 : 1

extruded product's strength. The typical i/M transgranular dimple
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Compaction uTs 0.2% YS e (4D) R.A. density NTS/YS
process (MPa) (MPa) (%) (%) (103-kg'm-3)
pressed
2024*-T351
1 longitudinal 473 377 15.4 11.2 2.79, ¥.-37
transverse 477 374 150  11.2 2.79, 1.43
impact
2024*-14 449 323 14 .3 9.6 2.806 ~

NG A T :

*alloy E - 82 um APD

Table 2:

Properties of Unidirectional Hot Compacted P/M Products.
( All properties measured in the longitudinal direction (L) unless

1 otherwise indicated. For extrusions, (L) is the same as the
: extrusion direction. )
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Figure 17: SEM tensile fract iphs ect 1ally hot pressed
2024-T351 alloy E powder. A slight a Nt pPOY O y can be seen in
the lower fractograph even t 1gh  d¢ t irements indicate a 100 %
dense product. Less than ‘ e t actu surface area was of
the typical transgranular d , 1ptul . hown i the upper fracto-
graph. Powder particle's size, shape, face area appearance in
Figure 10 compare favorably ‘ ‘ 2 ¢ eatureless areas in the
lower fractograph indicating incomj { ler particle bonding. This
featureless intergranular/particle fractu: epresented slightly more
than 50 8 of the total fracture surfac
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fracture structure represents less than 50 % of the fracture
area of the hot pressed ten~ile specimen. This nonhomogeneous
fracture structure indicat..:s that insufficient shearing of
the oxide surface and welding of metal to metal surfaces,
necessary to produce a coherent material, has occurred.

3 Hot Working

Substantial metal flow is imparted to the hot compacted
material primarily to increase the ductility and toughness,
however, significant increases in strength and therefore
fatigue can also be obtained from hot working. As used here,
hot working is therefore not a primary consolidation process,
but is used to produce material of theoretical density having
a severely worked structure.

3.1. 2024

3.1.1. Hydraulic Extrusion Pressing

The primary hot working method used for this investigation has
been press extrusion. It was selected because it produces uniform
metal flow. An investigation of extrusidén processing parameters

- % reduction and preheat temperature - was conducted to obtain
optimum properties from sound P/M products. Two additional
extrusion parameters, the influence of lubrication and die angle,
were not investigated. Earlier work of Gurney et al.(49'54)
showed that only when no lubrication was applied,were sound,
extruded P/M products consistently produced. The square edge
die, which is the common industry practice for extrusion of

(71¢) (56)

alumlnum and which has been demonstrated by Jdncke

(42,46,57)

and Sheppard and Chare to be effective for aluminum

P/M, was directly employed for this investigation.

The percent reduction studies ranged from 90 % to 98 % reduction
in area and were conducted at the usual hot extrusion tempera-
tures for unrecrystallized I/M 2024, between 693 K and 753 K.
Figure 18 shows the results of this study as evaluated by strength
and ductility,and figure 19 the notch tensile strength and notch
tensile strength yield strength ratio (NTS/YS). The highest

el e L
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strengths with acceptable ductility properties are obtained
with reduction in areas between 95 and 97 %. Reductions of

90 % also produced equivalent strength levels, although
slightly lower; however, fractography of the tensile fracture
surface revealed a fine net work of transverse cracks and a
possible outline of the original powder particles. It is
therefore to be predicted that the transverse mechanical
properties of 90 % reduced products would not be optimum. 5
Fractographic analysis of 95 % and 96 &%, 20 : 1 and 25 : 1 '
reduction ratios respectively, P/M products showed no differences
between I/M and P/M fracture surfaces. Because the 25 : 1 ratio
could be employed to produce more useable final products from
the same starting material than the 20 : 1 ratio, and because
ratios greater than 25 : 1 limited the types of mechanical
property evaluations which could be examined from the same
extruded stock, the 25 : 1 reduction (16 mm @) was selected as
the standard for further testing. Figure 19 also shows that ?

i

from a fracture toughness view, there is no significant
difference between the NTS/YS in the longitudinal direction
for 90 %, 10 : 1 reduction in area ratio, and the 95 % or 96 %
reductions. Table 3 is a complete listing of the mechanical
properties and corresponding extrusion processing parameters.

Investigation of the preheat extrusion temperature, figure 20, B
by tensile strength and ductility revealed that two preheat |
extrusion temperatures produce the best P/M product. Extrusion ‘
with preheat temperatures at 753 K, slightly below the SHT, and

at 643 K produced excellent strength with acceptable ductility

and fracture toughness properties compared to I/M products, the

latter temperature yielding the most improved strength properties.
Fracture toughness, as measured by NTS/YS, does not indicate any
significant difference between the 643 K and 753 K preheat.

Sroduct Extrusion | UTS 0O.2% ¥S | R.A. el(in 4D) | NTS/YS E
(T351) preheat
temperature
(K) (MPa) 2 (MPa)

>/M (alloy E) 643 618 487 21 16.0 i P -

>/M (alloy E) 753 581 440 22 163 139 74,200
(/M (alloy A) 693-723 492 377 28 20.0 1.45 73,500
(/M (alloy C) 643 491 368 26 £5.0 193 -

i ‘ —— M‘_—‘
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Tensile test results for the 643 K preheat extrusion treatment
were investigated from three products to insure that property
improvements do indeed result from this preheat temperature.

The compressive yield strength was also investigated as a

function of preheat temperature,and as expected follows the

same trend as tensile strength, figure 21. The longitudinal

stress relief, stretching, increases the longitudinal tensile

yield strength,but due to the Bauschinger effect the longitudinal
compressive yield strength is reduced. Consequently, the compressive
yield strength values shown here can be increased by about 3 %

if the 1% % stretch is not employed, i.e. a T? treatment. The
effect can be increased to about 5 % if the 15 $ stretching is

done after the aging treatment or practically eliminated if

stretched between SHT and an artificial aging treatment. -~
extrusion ¢
preheat )

product temperature 0.2 % CYS E (comp)

(T351) (K) (MPa) (MPa)

P/M alloy E 643 432 75,700

P/M alloy E 753 393

I/M alloy A 693-723 280 73, 400

I/M alloy C 643 287

The optimum P/M processing treatment imparts a 44 % increase in
the compressive yield strength over I/M treatments.

Concerning notch fatigue behavior, Kt=3, the P/M products
produced with the optimum extrusion processing parameters
demonstrated significant 33 % improvement over the I/M alloy
products, figures 22-25, The results indicate a fatigue strength
at 107 cycles of 140 MPa for the P/M alloy E product extruded

at 643 K versus 105 MPa for the various I/M alloys. This

represents a significant improvement in the high cycle faticgue
(HCF) behavior for this alloy with a T351 treatment.
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The slight differences in the insoluble intermetallic phase, iron
and silicon contents, between I/M alloys A and B did not develop
any observable trend for the notch fatigue run out stress,
figure 22 and 23. Both alloys appear to have a 105 MPa fatigue
strength level at 107 cycles under the conditions tested. From
the limited number of test specimens investigated, the following
observations can be made concerning the I/M alloys tested:

(1) the degree of scatter above the 120 MPa stress level is much
smaller for the super purity base material, alloy B, and

(2) in the LCF to HCF transition range, 5-10% to 5-10° cycles,
the scatter tends to show a better mean fatigue response for the
commercial purity base alloy, alloy A.

The P/M alloy appears to have a much flatter fatigue response
compared to the I/M alloys. Since the P/M alloy's fatigue strength
was increased, this flatness appears to produce a slightly poorer
LCF response for the P/M products, figures 24 and 25. Because

only a few LCF fatigue specimens were tested, the extent of the
LCF response degression, if any, cannot be quantified. This LCF
difference may indeed only be the width of the scatter band at
these higher stress levels.

In a manner similar to the tensile properties, the fatigue strength
for the P/M products was found to be dependent on the preheat
extrusion temperature. Fatigue specimens from material extruded
after the 643 K preheat treatment exhibited a fatigue strength

of 140 MPa at 107 cycles, figure 23, while a fatigue strength
between 125 and 130 MPa (at 107 cycles) was exhibited by specimens
from the P/M extrusion product preheated to 753 K, figure 24.

Preliminary fatigue results of specimens from control I/M

alloy C, which was also 25 : 1 extruded with a 643 K preheat,

are in good agreement with the fatigue strength range of the

other I/M alloys tested. Thereby substantiating the HCF improvement
of 2024 P/M over I/M independent of extrusion preheat temperature.

=
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3.1.1.1. Product Surface Finish

Excellent extruded product surface finishes were obtained for
all extrusion processing conditions examined. Typical direct
extrusion product speeds for 16 mm @ bars are:

preheat extruded product
temperature speed'
DS mm/min.
753 385
643 130 (constrained by press capacity)
3.1.1.2. Thermomechanical Treatment

The natural aging response of 2024 P/M alloy E to a thermomechanical "
treatment (TMT) was investigated to determine if the extruded P/M
materials hardening response had been exhausted. This investigation

;e

was deemed of interest because of the jump in strength properties
of the naturally aged P/M material compared to I/M materials.

In 2XXX series commercial aluminum alloys,precipitation is
nucleated on dislocations. The 2XXX series aging response is
therefore accelerated by strain hardening of the SHTed material.
Consequently, the dislocation density of the P/M product was
increased by stretching directly after SHT. Results shown below
indicate that the hardening potential of the naturally aged
extruded product has not been exhausted as an additional 22 &
increase in yield strength by finer precipitation is possible.
Indeed further increases in strength by artificial aging are also
possible. Although not tested in a TMT condition, it is to be
expected that the compression yield strength will also show similar

improvements.
condition|extrusion deforma-
(25:1 ex-| preheat tion UTsS 0.2% Y¥YS RA e NTS/YS
trusion) |temperature | (stretch)
(K) (%) (MPa) (%)
T35 753 Tl 581 440 221 16.3 1.39 i
7357 753 Te? 611 539 1.4 9.7 | 1.08 :




i

An attempt to optimize the material's response for TMT has not

been undertaken. However, it is anticipated that further strengch
increases can be obtained 1f a 643 K extrusion preheat temperature
were employed. The decrease in longitudinal fracture toughness, as
measured by the NTS/YS ratio, is to be expected from the increased
yield strength and decreased ductility. Even though the NTS/YS

value has dropped below 1.25, the material retains an acceptable, |
although poorer fracture toughness.

I:iLeds HERF Impact Extrusion

A limited HERF impact extrusion study with 2024 P/M alloy E was also
performed. All impact extrusions were conducted with a 643 K pre-

heat temperature and with percent reductions of 83.2 % and 85.4 %. ik
Products of greater percent reductions, trials of 88 %, 90.4 %, and

95.5 % reductions, were examined and found to contain deep circum-
ferential cracks around the newly extruded surface. These cracks v
result from the high deceleration stresses at the end of the impact :
extrusion cycle. Die angles other than 180° were employed to reduce

the deceleration effect but without much success.

Mechanical properties of P/M products produced by means of HERF
impact extrusion were in general not as improved as by hydraulic
press extrusion. Consequently, the greater hot working portion of
this investigation was accomplished by press extrusion instead of
impact extrusion.

Condi~- |processing| UTS 0.28% ¥S 0.28% C¥S| R.A. elong.|NTS/¥95 E
tion reduction
in area

(%) (MPa) (%) (MPa) |
P/M-T351 83.2 492 370 284 34.8 21x7 1.44 b1 400 ‘
P/M-T351 85.4 482 362 357 41.4 26.7 1.49 ’ ]
P/M-T851 85.4 473 430 - 48.0 14.0 1.44 - |
I/M-T351 85.4 473 361 260 §1.0 233 1.49 - f
I/M-T851 85.4 480 450 - 22.0 1.0 1.44 - |

In general, for the same processing treatments the impact extruded
P/M products display better properties than I/M products. The P/M
T851 heat treatment is suspect because of the high ductility values

and rather low UTS compared to P/M T351 values.
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aahiad, Effect of APD

The influence of the initial powder size was investigated with
2024 P/M alloys D, E, and G having the same chemical composition ‘
and APDs of 117, 82, and 36 um, respectively. The results of

this investigation have proven inconclusive, as shown in table 4.

The P/M products from which test specimens were machined, were |
all direct extruded with a 25 : 1 ratio and a 753 K preheat j
temperature, and given a T351 heat treatment. Alloy E, 82 um APD,
has slightly higher strength and lower ductility properties than
_ the other two alloys. This is due to the higher oxygen content

1 for alloy E. The NTS/YS fracture toughness indicator shown here
is not very sensitive to the increased oxygen content as the
oxide particles are elongated in the test direction and therefore

cannot be expected to have very much influence on the longitudinal
NTS/YS ratio. The notched fatigue strengths for the 117 and 36 um APD
alloys appear to be increased over the higher strength 82 um APD
alloy; in fact, the fatigue strengths approach the 140 MPa value
found for optimal processing conditions of the 82 um APD alloy E,
i.e. 743 K preheat.

Investigation of the influence of APD is continuing. Alloy F, 44 um
APD, will be compacted, extruded, and examined in order to clarify
the trends observed to date. In addition,oxygen content analysis
of all three alloys will be repeated by neutron activation analysis.
Of particular interest is the exceedingly low oxygen content found

: for the 36 um APD alloy. This finding is in direct contradiction

b to the highest oxygen content being normally associated with
highest particle surface area, or lowest APD, and with the density
measurements, table 4. Since the three alloys have identical

chemical composition and since the density of aluminum oxide is
approximately 45 % greater than that of aluminum, the lowest
density, not the highest, should correlate with the lowest oxygen
content as determined for the 36 um APD powder.
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3.2, 7075

3:3:10, Hydraulic Extrusion Pressing

Press extrusion was the only hot working process used to
investigate the 7075 P/M alloy. The processing parameter
investigation was conducted in a manner similar to that for

the 2024 P/M alloy except the 25 : 1 direct extrusion ratio

was employed without further investigation. The straightforward
selection of the 25 : 1 ratio was based on the results of
Gurney et al.(49'54) for 7075 rotating electrode produced
powder (REP) and the earlier findings for 2024 P/M alloys

since commercial processing practices for both 2024 and 7075
I/M alloys are similar(71c’72).

In contrast to the response of P/M 2024 over the 753 K to 613 K
extrusion range investigated, results indicate the strength
properties of P/M 7075 continue to slightly increase as the
extrusion preheat temperature is decreased in increments of

30 K, figure 26 and table 5. However, it appears that for
preheat temperatures lower than 580 K strength properties will
decrease in a manner similar to that found for P/M 2024 and
Gurney's findings. This upward trend in strength as the preheat
temperature decreases from 743 K to 613 K, in contrast to P/M

2024, can be explained by the enhanced recrystallization
resistance of the I/M 7075 alloy over the I/M 2024 alloy. The
compression strength response of the 7075 P/M alloy L to
extrusion preheat temperature, figure 21, is similar to the
tensile strength response.

Over the range of preheat temperatures investigated, the frac-
ture toughness indicator NTS/YS remains constant. As the yield i
strength increased with decreasing preheat temperature, the |

notch tensile strength also increased, figure 27. The vacuum |
degassing of the 7075 P/M alloy developed good longitudinal ‘

fracture toughness, but not outstanding values as have been

;
reported(23) for the vacuum preheat processing of Al-Zn-Mg-Cu-Co | 5

P/M alloys.
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An investigation of the P/M alloys artificial aging response

was conducted by hardness measurements to investigate if there is
a difference in the artificial aging character, figure 28. Of
particular interest was the effect of oxide and fine grain size.
The P/M alloy's aging response was found to be similar with that
of an 7075 I/M alloy. Both alloys reached the same maximum hard-
ness value in the same time frame. The increase in the amount of
grain boundary precipation due to increased volume of grain bound-
aries, and loss of hardening potential caused by precipitation on

the oxide,does not noticeably effect zone hardening potential in
P/M 7075.

A strength and ductility investigation of a 7075 I/M alloy H,
laboratory ingot, was also conducted. This alloy was cast with

a similar chemical composition to P/M alloy L, particularly iron
1 extrusion
ratio and a 643 K preheat treatment. Results of this investigation ]
show outstanding properties for this I/M alloy in the T651 condi-

and silicon content, and also processed with a 25 :

tion. ?
alloy extrusion | UTS 0.28 0.28 | R.A. e NTS | NTS/¥S| E E (comp)
7075-T651| conditions Y cYs
(MPa) (%) (MPa) (MPa)
H (I/M) 643K, 25:1 | 671 622 626 17.3 14.0] 805 1.29 71,700 71,400
L (P/M) 643K, 25:1 ] 679 627 594 14.5 12,6 782 1.25 |72,900 73,300

These results for the P/M alloy represent a significant improve-
ment over the strength values obtained by Gurney et al. for 7075
REP powder extrusion. To complete the property characterization,
notch fatigue and stress corrosion testing of alloys L and H are
currently in progress. Since these two alloys have equivalent
yield strengths, their notch fatigue behavior will be of interest
in determining if there is a fatigue advantage to the small
grained, homogeneous microstructure of the P/M alloy L. Similarly,
the stress corrosion response of these two alloys will also be

of interest because inherent to these P/M alloys is their more
chemically homogeneous microstructure.
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s P S Overaging Response

A brief mechanical property investigation of the 7075 P/M alloy's
response to overaging was conducted to determine if the fine
microstructure or oxide particle distribution has any gross effect.
The P/M alloy's hardness response, figure 28, indicated a consider-
able decrease in hardness as overaging progresses. Consequently,

it was of interest to evaluate this decrease quantitatively. The
overaging treatment employed was selected because of the wealth

of background data: (1) T7351, 6h 394 K plus 8h 451 K'/3)
(2) a prior to peak age(74) treatment T651X 70h 394 K(73). Mechanical
property data from specimens aged according to the above stress
corrosion resistant temper indicate the 7075 P/M alloy retains a
slightly better strength than the I/M alloy upon overaging and
exhibits considerably more ductility. Therefore, the finely dispersed
oxide particles show an effect of impeding the diffusion controlled
overaging pcocess.

and

Condition UTS 0.2% YS 0.2% CYS R.A. e NTS/YS
7075 (MPa) (%)

P/M alloy L* T651 683 631 594.5 20:5 ./ 18, 1 1.20

P/M alloy L T651X 682.5 630 606.7 12.6 10.4 1.18

P/M alloy L T7351 516.8 469 455.8 42.8 17.1 1.34

I/M extruded T6517 570 500 - - 8.0 1.27

I/M extruded T7351% 485 420 - - 9.5 1.50

I/M r73*t 524 455 - - 7 -

* 713 K preheat, 25 : 1 extrusion

typical values for I/M extrusions after Hyatt
(73)

(75)

e patent values

Overaging of the 7075 alloy decreases both the ultimate tensile
and yield strengths as the 2 to 3.5:10 2
and an increase in the amount of the semi-coherent n' (MgZnz) or M

um ordered zones grow

phase occurs. At the same time the ductility parameters increase but
typically disproportionately. to the reduction in strength.
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Contrary to these expected results, the P/M alloy exhibits a

considerable increase in ductility and retention of strength

as overaging progresses. The longitudinal fracture toughness

of the P/M alloy 1s acceptable but considerably below typical
values of extruded 7075 I/M. A significant part of this results
from the high overaged strength.

4. Density

Density measurements were made for most of the variations in

P/M processing, table 6. In addition, a 2024 and a 7075 control
sample were produced by separately melting and casting a pilece
from extruded products of alloy E and alloy L under argon. The
control was hot worked, sectioned, and metallographically
examined before density determinations. In this way the control
sample would reflect the density for the identical alloy content
of the P/M products.

Results indicate that all P/M products with the exception of

the aforementioned HIP product attained 100 8 full density. Each
value represents a minimum of two measurements with the uncertainty
shown by subscripting the last decimal digit. Exact volume measure-
ments were made by the displacement of water.

Values for the specially cast I/M alloys C and H, with composi-
tions similar to the ¢/M alloys, have been included for comparison
purposes.

Because of the disparity between the indication from the measured
density value and the SEM fractograph for the hot pressed 2024
product, it is necessary to supplement the density values with
examination of a polished, unetched sample in the SEM when 100 %
density is indicated. Examination of the polished sample with

SEM allows for easier interpretation between porosity and com

pletaly or partially removed nonmetallic inclusions/insoluable
intermetallics. |
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Analysis of Out-Gas Products

(30) concerning high strength P/M products

Earlier work by Otto
congluded that vacuum hot compacting at a temperature above the
SHT temperature must be employed in order to avoid hot shortness
during subsequent hot working and to allow full transverse mechanical

(4) (49,54) have

properties to be developed. Roberts and Gurney
attempted to develop high strength aluminum P/M products with
excellent properties by evacuating a canned green compact and
compacting at moderate temperatures, between 590 K and 644 K, to
avoid deleterious agglomeration of the finely dispersed, small dis-
persoid particles. These dispersoid particles result from the

transition alloying elements - namely chromium in 7075 and manganese

in 2024 - added to enhance corrosion resistance, improve thick section
precipitation response by reducing quench sensitivity, and inhibit

recrystallization and grain growth. However, both Roberts and later

Gurney have reported that even though a good vacuum of 1.3-10"2 Pa

or better was obtained and the extruded billet appeared sound, the
transverse properties of heat-treated products would not be optimum
due to either the observed microscopic porosity or presence of
transverse and longitudinal cracks. Further, Roberts found by

nuclear magnetic resonance (NMR) techniques that the water contamcna-
tion was reduced to an undetectable level after 1 hour at 616 K and
4-10-2 Pa. Consequently, it was of interest for this report to
analyse selective out-gas products to determine why vacuum pre-
heating at the SHT temperature or above yielded good transverse
properties, while attainment of a good vacuum at moderate tempera-
tures, which eliminated the water content, failed to yield good trans-

verse properties.

Out~gas products analysed by partial pressure determinations

were water vapor, oxygen, hydrogen, and nitrogen. Hydrogen was
especially of interest because it is the only gas having
measurable solubility in aluminum. The dissolved hydrogen content
in the aluminum matrix should not be a significant factor

of concern if proper melting and atomizing practices are
followed. However, the surface oxide which forms uuring
solidification is very reactive and physically adsorbs water

as well as chemically forms hydrates of water. When the “owd:r

is reheated some of the water reacts with aluminum or magnesium

to form hydrogen. Since a source of hydrogen is therefore
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present within the oxide, it was important to analyse its
partial pressure temperature response as well as that of the
water vapor. If significant solubility of hydrogen within the
aluminum powder had occurred, diffusion of atomic hydrogen and
evolution of molecular hydrogen would occur during the high
temperature stage of the vacuum preheat treatment.

Analysis of nitrogen was a control measurement which reflected
the entrapped gas content and interconnection of porosity with
temperature. Analysis of nitrogen partial pressures reflected
evacuation trends of the original entrapped gases versus those
which resulted from the release and partial disassociation of
the oxide's chemically and physically bonded water.

Partial pressure analyses of the 2024 and 7075 canned green
compacts revealed similar trends, figures 29 and 30. For the 7075
green compact, the water vapor's recorded maximum partial pressure
of 1.3-10"% Pa occurs at a temperature of 473 K. With continued
evacuation and heating, a partial pressure reduction to 2-10-9 Pa
at 659 K is attained; further heating to 823 K only reduces the

water vapor's partial pressure to 1.5-10-10 Pa at a total pressure

of 10-4 Pa. (The equilibrium partial pressure for water vapor in

the evacuation system was determined to be 6.4-10-11 Pa at a

total pressure of 10"4 Pa.) These findings are in agreement

with the results of Roberts(4), as discussed earlier.

The results of the water partial pressure analysis for the 2024
compact are similar to that for the 7075 compact. They also show

a significant drop in partial pressure between 543 K and 659 K

from the 10~ % Pa maximum to the 10~7 Pa level. Slight further
partial pressure decreases are obtained at the 766 K SHT temperature
hut they are not significant in comparison to the reduction

obtained between 543 K and 659 K.

The results for both alloys with regard to water, oxygen, and
njtrogen show similar trends. That is, in the temperature range
from 543 K to 659 K the near maximum in interconnected porosity
is reached and the greatest reduction of partial pressures for
these out-gas products 1is attained.
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Selective Partial Pressures for 7075
Green Compact Evacuation
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Figure 29: Quasi-steady-state partial pressure determination of !
hydrogen, nitrogen, oxygen and water vapor at various 1
temperatures durin

vacuum preheating of an 80 % dense

canned 7075 P/M alloy L compact. | o
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Selective Partial Pressures for 2024 |
Green Compact Evacuation |
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Figure: Quasi-steady-state partial pressure determination of
hydrogen, nitrogen, oxygen, and water vapor at various
temperatures during vacuum preheating of an 80 % dense
canned 2024 P/M alloy E compact.




With regard to hydrogen, the maximum partial pressure of
2.7-10-7 Pa in 2024 and 1.6-10_7 Pa in 7075 was recorded at

723 K. From these recorded maximums, both alloys showed sharp
drops in hydrogen partial pressure at their respective SHT
temperatures. These sharp partial pressure decreases are
1.3:107'0 pa at 766 K for 2024, and 4.9-107'° pa at 743 K for
7075. For 7075, heating to 783 K showed slight further hydrogen

s Pa which thereafter

partial pressure reductions to 1.6-10
remained constant up to 823 K. Conseguently, the majority of
hydroger. has been removed at the respective SHT temperatures,
and it is necessary to vacuum preheat near the SHT temperature
range, the higher the temperature the better, in order to

adequately reduce the alloy's gas content.

For both alloys the relationship between atomic and molecular
oxygen was reversed from that which is predicted by the thermo-
dynamic equilibrium partial pressure relationship between the
two. Additional analyses with a second ion gauge confirmed this
relationshipr and a brief theoretical thermodynamic analysis of
the complex relationship between th: partial pressures of the
various reacting gases and tendency for further oxidation did
not reveal an explanation for this inverse relationship.

Repeated partial pressure analysis (not shown) served to confirm
the general shape of the curves shown in figures 29 and 30. With
the addition of new data points to these figures, all curves
tended to be of the rounded shape displayed in figure 29 for water
and oxygen partial pressures. Additional measurements for tempera-
tures up to 823 K (not plotted) show very little further decrease
in partial pressures than those already shown at the respective

alloy's SHT temperature, except for the partial pressure of water

in the 7075 compact which decreased to 1.5:101°

7.3-10719 pa at the 743 K SHT temperature.

Pa at 823 K from

o % i Evacuation Pressure Analysis

Throughout this report it has been emphasized that pressure measure-
ments have been made at room temperature in the vacuum chamber
rather than in the compact. Consequently, it was of interest to




determine the variation of vacuum pressure with distance: !

(1) within the compact, and (2) along the evacuation line

from the compact to the vacuum chamber. This determination was
of special interest because of the potential evaporation of
zinc and magnesium at the evacuation temperatures and pressures
employed in this investigation, figure 31.

An investigation of a 7075 canned green compact showed there

was a vacuum pressure attenuation of five orders of magnitude be-

tween the vacuum chamber and a distance behind the compact

equal to the length (and diameter) of the evacuation tube on

the front of the can, figure 32. Further evaluation revealed

slightly less than an order of magnitude pressure attenuation be-

tween the vacuum chamber and the end of the flexible steel

evacuation hose (25 mm @ in x 600 - 750 mm) and approximately

a further order of magnitude pressure attenuation along the v
aluminum evacuation tube (8 mm @ in x 550 - 600 mm) from the
steel hose connection to the front of the 80 % dense green
compact (70 mm @ in x 200 mm). The flexible steel hose is
necessary to allow movement of the can for pinching and cutting.,
while the length of the evacuation tube is necessary tc protect
the synthetic VITILAN vacuum O-ring between the steel hose and
aluminum tube from excessive temperature and also to provide
enough length to insure that the compact is in a uniform
temperature zone in the furnace.

Consequently, a total vacuum pressure in the vacuum chamber of

104 Pa is indicative of approximately 10”2

Pa at the front of
the green compact and approximately 1 Pa (7.5'10“3 torr) at the
far end of the compact. This difference is not considered
significant for development of full properties from the compact,
as Otto(3°) has shown that full properties can be developed
without property differences for vacuum pressures® between

2.6 Pa and 1.33.10"2 Ppa.

*The location of the pressure reading devices were not specified.




Figure 31 indicates that at the temperatures and pressures
employed for this investigation, evaporation of magnesium and
zinc could be expected. However, a wet chemical analysis for

an extruded product which had received the long time homogeniza-
tion - vacuum preheat treatment showed no difference in zinc

and magnesium compositions from the prealloyed 7075 powder melt
composition. In addition, microprobe analysis showed no differ-
ences along the transverse direction for cross sections removed
at various distances along the extruded bar. Therefore, if
evaporation had occurred, it was not sufficient to significantly

affect the final properties of the products investigated.
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Discussion

This investigation was aimed at determining the influence of
process variables upon the metallurgical factors which control
the structure-property relationships in high strength 2024 and
7075 aluminum P/M products. In addition, it was designed to
capitalize on the excellent work already in the literature
concerning high strength aluminum P/M alloys with the goal of
extending this knowledge, especially in the field of fracture
mechanics and fatigue crack growth.

1. Prealloyed Atomized Powders

The selection of irregularly shaped air atomized powders was
based on Gurney et al.'s(54) results with round REP powders
and the findings of Lyle(21) for producing high density
aluminum P/M products. The irregular shape of the powders
results from the oxide formed during solidification hindering
surface tension controlled spheroidization. These irregularly
shaped particles provide elongated voids which readily close
during pressing and/or extrusion shearing in contrast to
near spherical voids, which form at the interstices of:

reqgularly shaped particles and do not readily close.

.1, Atomization

(76)

Based on the findings of Bardes and Flemings and

(77)

Matyja et al. , the average 2.4 um secondary DAS of the

powder used in this investigation signifies that the particles

3 1

experienced an average solidification rate (U) of 5-10° K-sec
These empirical findings for aluminum alloys have been shown
to be dependent on density, only slightly influenced by the
nature and content of solute elements, and independent of

grain size or structure,

The small DAS and fine interdendritic network of the powder
particles' solidification structure, figure 7, is a result
of the high degree of supercooling which occurred during the
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atomization process. The supercooling results from the high
solidification rate and is responsible for a finer, more uniform
dispersion of the intermetallic constituents in the P/M product
than in the I/M products investigated. The effect of this fine
solidification structure on mechanical properties depends on the
alloy system,

1.1.1. 2024 Alloy

Atomization can reduce the growth of or even eliminate some of
the second phase intermetallics. Lebo and Grant(48) have shown
that microsegregation and formation of the brittle AlCuFeMn
intermetallic second phase in 2024 can be essentially suppressed
by splat cooling (U = 10* to 10° K.sec”! and respective

DAS = 3 to 0.67 um). Even though the volume fraction of second
phase particles between their I/M and P/M products remained
unchanged, P/M strength parameters increased up to 18 % without
any loss of ductility. Results of the current investigation with
atomized powders (U = 5-103 K-sec.1 and DAS = 2.4 um) indicate
that considerable suppression of the AlCuFeMn also occurs. An
average 32 % increase in strength for P/M relative to I/M products
occurs with a disproportionately small decrease in ductility
(R.A. decreases from 26 % to 21 %). However,SEM fractographs of
tensile fractures indicate that the oxide is not thoroughly
dispersed in the extruded product from splat cooled powders.
Coarse shears are assoclated with oxide film fragments from
original splat foils, whereas the tensile fracture of extruded
products from atomized powders is completely highly dimpled and
characteristic of a highly ductile structure. In addition, the
splat cooled powders contained approximately twice as much
insoluble iron and silicon content, and grain sizes were

significantly larger than those of the atomized powder products

(;Eékio 135 um versus 10 to 2 um). Nevertheless, in comparison

to I/M products, the fine solidification structure of the higher
solidification rate 2024 splat cooled powders shows significantly
more ductility improvements for equal strength than is shown by
the solidification structure of atomized powder products.




T.1:2 7075 Alloy

3 6 1

In the case of 7075, solidification rates from 10° to 10° K-sec
do not cause any significant suppression of the equilibrium
(impurity) iron and silicon intermetallic second phases. Instead,
high solidification rates produce an interdendritic network of
these insoluble intermetallics which results in their fine,
uniform dispersion in the final P/M product. The equilibrium
dispersoid E phase (Cr2Mg3Al18) is initially suppressed, but
precipitates to a very fine dispersion during subseguent metal
processing.

The longitudinal 7075-T651 tensile properties of the extruded
laboratory cast ingot (DAS 70 - 100 um) show no effect of

the somewhat coarser, insoluble intermetallic second phase over

the tensile properties of the P/M extrusion. Solidification and
(78-82) of I/M 7075 have shown that through
elimination of undissolved second phases by special ingot processing
and limiting iron and silicon contents to 0.01 w/o each, it is
possible to maintain strength, reduce anisotropy, and increase
ductility related mechanical properties. Specifically, a 7075=T6
alloy relatively free of second phases, shows R.A. values<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>