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e products investigated included: (1) unidirectional, isothermally vacuum hot-
pressed (610 MPa with 10 min dwell at 733 K for 7075 and 753 K for 2024) P/M billets,
and (2) extrusions of the I/M and hot-pressed P/M billets (extrusion - preheat 643 K
w1th 10:1 and 25:1 direct extrusion ratios). Extrusion parameters were selected
based on the previously reported P/M processing study [1], Typical longitudinal
properties for the 7075 products are shown below. - é:\

UTS 0.2%YS R.A. e(4D) NTS/¥S S107

4 3 . (MPa) (%) (MPa)
Lo : P/M* hot-pressed (T6) 584 510 9.1 6.5 1.09 ---
f> . P/M* hot-pressed and

‘i 3 25:1 extruded 671 622 14.5 14.0 1.20 145
1 (T6510)
. 1 I/M 25:1 extruded .
; (76510} 679 627 17.3 12.6 1.30 105

*88 um APD powder which was vacuum canned prior to hot-pressing.

The 7075 alloy 25:1 direct extrusions were produced with equivalent yield strengths
. 3 in the artificially aged T6510 condition; the notch HCF strength (N=107 cycles) of
3 the P/M product showed a 38 % improvement over the I/M alloy product anc a 45 &

" improvement over literature values of an extruded commercial ingot tested under
3 similar conditions.

The strength, fracture toughness (NTS/YS), ductility, and K, _=3 notch HCF strength for
the longitudinal direction of P/M 2024-T3510 extrusions pro&hced from powders of
various APDs (36-11,; um) did not show a significant variation with APD. Similarly

the transverse strength, fracture toughness (NTS/¥S), and ductility properties are
also independent of the initial powder APD over the range 44-117 um. The strengths

3 of extruded P/M 2024 alloy products in the artificially aged condition are equivalent
o to the I/M alloy. However, the extrusion - preheat temperature appeared to slightly

E T influence the strength of the artificially aged P/M products: for example, the longi-
tudinal strength increased by an average of 21 MPa (5 % increase) for extrusions
given a 643 K extrusion - preheat versus 753 K. The transverse mechanical properties
of 10:1 P/M 2024-T4 extrusions given a 643 K extrusion-preheat, shown below, rcveal thd
combined level of deformation and hydrogen/contaminent removal is sufficient to
produce a sound P/M product.

UTS 0.2%YS  R.A. e (4D) NTs/ys*
(MPa) (%)
P/M (82 um APD) 506 . 355 26.0 23.5 1.75
I/M 470 305 14.8 20.7 1.90

*products tested with reduced specimens and exceeded the ASTM 1.3 NTS/YS rule for
validity, some yielding was observed.

The naturally aged, unrecrystallized 2024-T3510 extrusion products show a definite

grain size-yield strength relationship for grain sizes below a threshold grain wid:dh
wvalue of 8 um. The most significant grain size variations are cbtained from processing
variations and not from initial powder APD variations.
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Index to Symbols/Abbrev.ations
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A area of cross-section
Ao initial area
. Af area at fracture
APD average particle diameter of powder by weight
ASTM American Society for Testing Materials
B thickness of compact specimen
vol compression ratio of powder (compaction ratio)
64 see e
D diameter
") diameter
DCS dendritic cell size
da/dN fatigue crack growth rate
E modulus of elasticity
e engineering elongation, measured over a length equal
to four times the diameter of the specimer (tabulated
values are elongation at fracture)
€ true strain = 1ln (1+e) or 1ln (AO/A)
€e true fracture strain
£ frequency
9 average subcrain size perpendicular to extrusion
direction
g// averace subgrain size parallel to extrusion direction
Gy average grain size perpendicular to extrusion
direction
G// average dgrain size parallel to extrusion direction
G///G__L averadge dgrain cize aspect ratio
h hour
HCF high cycle fatigue
HERF high energy rate forming
g HIE hot isostatic press
1
i; T
3 -
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[Hz ]
1/M
1TMT
[ K|

AK

ol B ol B o

=<1

LCF

{MPa|

n

N

NTS
NTS/YS
0.2%CYS
0.2%YS

Q

frequency (cycles per second)

ingot metallurgy

intermediate thermal mechanical treatment
temperature in degrees Kelvin

stress intensity factor

plane stress fracture toughness

plane strain fracture toughness

candidate plane strain fracture toughness
(after ASTM E399)

theoretical stress councentration factor (= a

%)

strength coefficient (true stress at true strain of
unity)

longitudinal (extrusion) direction
mean particle intercept length
mean grain intercept length

mean subgrain intercept length

low cycle fatigue

mean free distance between particles (straight line)
spacing parameter

[N/mm2]

strain-hardening coefficient

number of cycies

notch tensile strength

notch tensile strength yield strength ratio
0.2 % compressive yield strength

0.2 % yield strength (tensile)

grain shape parameter (degree of orientation)
partial pressure of x

probability of failure [%] or total pressure [Pa]
powder metallurgy

see R.A.
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SEM
SHT

ST

TEM

TMT

UTS
v/o
VPCP
VPSP

YS

w/o

(vol./%)

(wt. /%)

density

stress ratio (minimum/maximum)
reduction in area

Rockwell hardness - B scale

room temperature

stress

true stress

see UTS

true stress at fracture

mean center to center particle spacing
see NTS

mean fatiguae strength at N cycles

mean fatigue strength at N cycles for P percent
failure.

scanning electron microscope

solution heat treatment

short transverse direction

grain boundary drea per unit volume
transverse direction or temperature [K]
transmission electron microscope
thermal mechanical treatment

average solidification rate

ultimate tensile strength

volume percent

volume percent coarse (constituent) particles
vclume percent second phase

yield strength

weight percent

vi




Alloy and Heat Treatment Designations

3 2 (after Aluminum Association)
A 1
' 1
; 3 2000 (or 2XXX) type aluminum alloys based on Al-Cu-Mg
Lo - o
EL o 7000 (or 7XXX) " " " " " Al-Zn-Mg-Cu
4 3 Alloy [ Solutiona'b) Water Stressc'd) Aging
, o !
v, and Heat Quench Relief Treatment
' ‘ Temper Treatment Temperature | or
Temperature TMT
_ 1. . 7-10 days RT
2024-T3510 766 K RT 12 % sctretch (natural age)
i -T4 " " none "
. " " 12 h at 464 K
Té none (artificial age)
" " _1__ 11 h at 464 K
T8510 12 $ stretch (arti.{cial age)
__7]185)(0 " " X % " ('l‘MT) "
.
" " - " " 8 h at 464 K
e T8370 -8 8 (artificial age)

i 7X75 (includes 7475 and 7075)

" -T6 743 K RT none 3-5 days RT+24 h 394 K
-T611 " 373 K none " + "
~T6510 " RT 12 % stretch £
-T6510X " " " " +70 h 394 X
~T652 . " 348 " +24 h 394 K

compression
-T73510 " " 1% % stretch " + 6 h 394 K
+ 8 h 450 K

a) T:me as per MIL-H-6088 E Specification, Heat Treatment of
Aluminum Alloys
- 1 h in salt or 1% h in air for 10:1 and 25:1 extrusion
products

- 31 h in air for vacuum hot-pressed ¢ 70 mm products prionr
tg compaction -

b) SHT in salt unless otherwise noted

c) Within 1 hour after quench and without any additional
straightening

d) Without stress relief: T4 and T6
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OBJECTIVE

The objective of this investigation is to develop an under-
standing of the effect of processing on the microstructure and
mechanical properties of high strength P/M aluminum alloys, and
to establish the degree to which the P/M approach influences the
ultimate performance of high strength aluminum products under
fatique limiting conditions. Fabrication processes, mechanical

properties, and microstructures of 2024 and 7075 aluminum alloy
P/M products are characterized in order to develop this under-

standing and also to establish an optimum processing scheme for
producing high strength aluminum alloy P/M products with the
best possible fatigue behavior.
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INTRODUCTION

The work reported herein is part of a continuing investigation
[1] aimed at the development of an understanding of the p ocess-
ing-microstructure~mechanical property interrelationships for
high strength aluminum powder metallurgy (P/M) alloys. Particular
emphasis 1is devoted to the study of the effects of processing and
microstructure on the fatigue responses of the 2024 (AlCuMg2} and
7075 (AlZnMgCul.5) P/M alloys and their respective conventional
ingot metallurgy (I/M) alloys.

Over the total spectrum of aluminum P/M alloys, only a few in-

vestigations of the fatigue behavior of these alloys have been

reported, and of these a limited number have studied the micro-
structure-fatigue relationship. These investigations are summa-
rized below.

Grosch and Jdniche [2] reported smooth S-N fatigue strength of
extruded (12.7:1) and unannealed aluminum (99.5 %) P/M and I/M
products at 1O8 cycles. The P/M products showed about a 30 %
improvement in fatigue strength over the I/M products. When the
fatigue strengths were normalized with ultimate tensile strength,
the smooth fatigue improvement was found to be due to the P/M
product's strength increase.

Lyle et al. [3] investigated the smooth and notch S-N fatigue
behavior of two aluminum P/M alloys with compositions similar to
I/M alloys 2014 and 6061. The P/M products were produced from
blends of atomized, elemental powders which were liquid phase
sintered in a protective atmosphere and hot-worked. This process-
ing developed P/M products with strength properties and fatigue
endurance limits (5-108 cycles) comparable to their respective I/M
counterparts. Subsequent fatigue behavior examinations [4-10]
have been directed at investigating the effect of processing
improvements and alloying, and have not investigated the fatigue
behavior of the same 1/M and air atomized P/M alloy processed in
the same manner.

The effect of alloying was investigated by Lyle and Cebulak [4],
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and Cebulak and Truax [5] using prealloyed 7XXX (Al-Zn-Mg-Cu)
type aluminum alloy powders produced by air atomization. For P/M
extrusion products fabricated from powder compacts preheated in
flowing argon, they reported improved smooth S-N fatigue
behavior over I/M 7075 at equal tensile and yield strengths,

as well as an improved smooth fatigue response for P/M products
with increased strength properties greater than those of 7075-Té.
However, the notch S-N fatigue behavior of the 7XXX type P/M
alloy products was only equal to the I/M 7075 alloy. With alloy
optimization, i.e. 7XXX type P/M alloys with v.4wt.®or 1.5 wt.%
Co, Cebulak et al. [6,7] reported a significant improvement in
the notch fatigue (Kt = 3) behavior of these alloys over the
behavior of an extruded laboratory ingot (7075-T6) and a commer=
cial extrusion product (7075-T651). However, these findings are
based on limited testing, from which very few test specimens
from each of the three P/M products investiqated (1.5 wt.% Co:
lab billet with argon preheat and 10:1 extrusion, and 1400 kg
billet with full vacuum preheat and 12.1:1 extrusion; 0.4 wt.%
Co: 1392 kg billet with full vacuum preheat and 12.1:1 extrusion)
did not fail, but which did show significantly longer lives to
failure at each stress level investigated, If one does assume
the highest stress level for which no failure occurred below

N = 2-107 cycles as the endurance limit (SN), normalization of
the endurance limit with the product's tensile yield strength
shows a significant improvement in the fatigue response beyond
that resulting from the P/M product's yield strength improve-
ment. Indeed, if the required substantial testing [6] coufirms
the improvement in fatigue behavior shown below,

Sy (MPa) /045 o4 (Mpa)
P/M 1.5 wt.% Co lak billet 152/655 = 0.232
p/M 1.5 wt.E Co mill billet 138/550 = .251
P/M 0.4 wt.% Co. mill billet 124/515 = .241
I/M 7075-T6 - 120/600 = .200

a significant increase in fatigue performance will have been
attained through alloying ard extension of solid solubility
afforded by P/M processing. Otto [8] has investigated production
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parameters (composition and processing) controlling the fatigue
crack growth (FCG) in these two Co containing alloys, and a
continuing investigation 19! is being conducted to optimize these
production parameters and study the reproducibility of the FCG
data base for these alloys.

Koczak et al. [10] are presently conducting a study of the
fatigue-microstructure relationship of Al-2n-Mg-Cu P/M alloy
forgings (with and without Co) which supplements the work of
Otto. Unlike the earlier investigaticns discussed above, this
research is directed at relating the forged microstructure to
fatigue response in various environments. However, the effect of
microstructure on the long life fatigue strength (endurance
limit) of these alloys does not appear to be an integral part of
the investigation.

Lebo and Grant [11] and Sankaran [12] have investigated the
fatigue-microstructure relationship of products fabricated

from splat cooled (solidification rate of 106 K/sec) 2024 and
2024+Li powders, respectively. Products made from splat cooled
powders, which were given a vacuum preheat, were extruded 20:1
at 573 K followed by a 50 % cold reduction by swaging in order
to obtain recrystallization upon solution heat treatment at

U68 K. This recrystallization treatment was necessary to reduce
khe amount of delamination which resulted from the fine disper-
Eion of oxides along prior powder particle boundaries. Even
%hough a grain size coarser than 2024 I/M products resulted, an
increase in strength and smooth S~N fatigue behavior without
loss of ductility was reported. The fatigue study did not in-
vestigate the long life fatigue strength of these products, how-
ever, normalization of the fatigue strength at 2-106 cycles
showed that the reported fatigue improvement was directly re-
lated to the strength increase. Since up to 95 % of the smooth
S-N fatigue life may be representative of crack initiation [13,
14], the reported increase in fatigue life could result from the
increased crack initiation resistance due to the increased
strength. The fine dispersion of constituent CuMgAl2 particles,
suppression of AlCuFeMn constituent particle nucleation, and

increase in solid solubility are all reported as being responsible
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for the increased strength without loss of ductility, as well as
possibly increasing the crack initiation resistance of the P/M
product over its I/M counterpart. With respect to the lithium
containing, splat gquenched 2024 P/M alloys, significant yield

strength improvements in the T-6 temper, along with the density

decrease and modulus increase associated with Li alloying in
aluminum, were reported. The P/M 2024+Li has an improved S-N

fatigue response although the FCG rate was increased by the

significant volume fraction of insoluble second phase particles

resulting from the lower solubility of Cu in Li containing

aluminum alloy.

?

Previous attempts to increase the notch fatigue strength of high

strength aluminum products without additional alloying, such as

thermal mechanical treatment, were unsuccessful [15,16] even

though increases in the strength parameters could be develcped.

However, current results demonstrate that it is possible through

controlled P/M processing to produce P/M 7075 extrusions with

notch S-N fatigue strength equivalent to that reported for the

Co containing aluminum P/M alloy extrusions. Normalization of

the notch Efatigue strength at 107 cycles with both tensile and

yield strength reveals that fatigue behavior improvements are

not proportionate to strength. Similar notch fatigue results

have been reported [1] earlier for P/M 2024-T3510 fatigue extru-

sion products and are also summarized below.

1

P/M
7075-T6510 :
I/M
p/M]
2024-T3510 :
I/M

* 8107 values pending statistical analysis

*
SN/ Oyrs
145/683

105/671

140/587

105/491

»*
[MPa/MPa] SN/OO.z%
0.212 145/630 = 0.230
0.156 105/622 = 0.169
0.239 140/460 = 0.304
0.214 105/368 = 0.285

! extrusions fabricated with a 643 K extrusion-preheat and a

25:1 extrusion

ratio
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The current work seeks to determine the metallurgical effects of
alloy chemistry, processing, and powder particle size distribu-
tion on tensile and fatigue properties of products fabricated
from air atomized powders. Characterization of the fatigue
behavior via notch (Kt = 3) fatigue testing has been utilized as
a survey technique. Notch fatigue was selected because the recent
history of fatigue testing of high performance aluminum alloy
products has shown that even though improvements in smooth S-N
fatigue response could be demonstrated, its application by the
aerospace industry for fatique critical components was limited
unless an associated improvement in notch fatigue properties was
developed. In addition, for damage-tolerant design the FCG prop-
erties are more important than crack initiation. Consequently,
notch fatigue testing was selected as a survey technique because
it normally reflects more «f the FCG influence on the total S=N
fatigue life than smooth fatigue testing [17].
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PROCEDURE

e S

As the experimental procedures tor production of the various P/M

products and the technique/methods for examination of these

A i s products have been previously reported [1], detailed procedures
} T will not be repcated. The following supplementary information is T

provided as an amendment to the procedures in {1].

(1) A full vacuum-preheat treatment was given to all P/M prod-
ucts reported in [1] and in this report, unless otherwise
clearly noted. In some instances the word "preheat" may be
confusing as it is used to describe both the green compact
cvacuation treatment (vacuum-preheat) and treatment of the

S billet prior to hot working (extrusion-preheat). Conse-

f quently in this report an effort has been made to clearly

distinjguish bectween the two cases.

Full vacuum-prechecat as used in this investigation is the
cvacuation of a canned green compact, and vacuum hot press-
ing of the compact into a near 100 % dense billet before the
canning material is removed. The distinction is therefore
made betwecen fu.l vacuum-preheat versus selective atmosphere
(inert or seilf-generated hydrogen) green compact preheat
followed by vacuum hot pressing. For full vacuum-preheating
and compaction, the processing seguence is as follows:

(1) cold isostatic pressing of the powder tc approximately

a density of 80 %, (2) cananing of the green compact, (3) homo-
genization and degassing of the compact under a dynamic

vacuum until a pressure of 10_4 Pa at the alloy's respective

solution hecat treatment temperature is reached, (4) welding
the can's evacuation tube shut, (5) uniaxial hot-pressing of
the evacuated, canned green compact at a temperature just
below the solution heat treatment temperature, and (6) removal
of the canning material. The homogenization treatment which
was conducted during degassing, was identical to the }omo-
genization treatment given to the control ingot materials:
2024 alloy C - 24 h at 766 K, and 7075 alloy H - 16 h at

733 K plus 24 h at 743 K. Danilkin et al. [18] have reported

that vacuum degassing is the only prcheat environment which

£ e 030 S el
B2 Lasami e o rmme

7
‘1&1&-&4“«.}. SR 130 A A DAE drnstenee - o e

z
&




(2)

(3)

can reduce the hydrogea leve® of aluminum P/M compacts to
equivalent I/4 levels.

Current additional processing studies are aimed at investigat-
ing the time - temperature -~ microstructure - hydrogen

content - mechanical property interrelationship for the 2024
and 7075 P/M alloys. Becausc fatigue crack growth rate and
fracture toughness properties are scnsitive to the dispersoid
particle size and distribution {19] , a degassing/homoycniza-
tion treatment for the powder compacts must reduce hydrogen
content and volume percent coarsc intermetallic particles

while maintaining an optimum dispersoid size and distribution.

Extrusio. products with a 10:1 extrusion ratio have a cross
section of 10 x 50 mm. These extrusions were fabricated with

the same procedures as thecse used for the 25:1 extrusions.

Extrusion is accomplished with the extrusion cylinder and

billet preheated to the extrusion-preheat temperature.

Extrusions fabricated from the 2024 I/M alloys A and B,

Table 1, were purchased as commercial products in the as-
extruded condition. Heat treatment and testing of these prod-
ucts were accomplished with the same practices employed for
the 2024 I/M control alloy C and P/M alloy extrusion products.

Sharp Notch Tension testing was conducted eccording to
procedures outlined in ASTM Standards, Part 10, Designation:
E602-76T, with the exception of specimens from 10:1 extru-
sions. In this case, a ~omparative measure of plane-strain
fracture toughness was obitained with a mini specimen which
was proportionally reduced from the small ASTM specimen in

accordance with Munz [20] with the notch radius <50 um. The
dimensions of the mini specimen are *total length: L = 50;

threads: M 10 with 10 mm thread length; diameter (@): notch

6.00 mm, and non-yield section 8.60 mm, so 9 notch/@ section

= 0.7. In several cases the results of tests with the mini
specimen exceed the NTS/YS < 1.3 ASTM rule for reduced
specimens, and in some of these cases, yielding could be
observed from the load-displacement diagram.
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(4)

Longitudinal tensile and notch tensile specimens from 10:1
extrusions, werc taken from the % and % width points along
the long transverse direction. Tensile specimens from the
10:1 extrusion were nachined with a diameter @ = 4,0 mm and
total length = 50 nm with M 10 threads of 10 mm length (or

in conjunction with the diagram for tensile specimens in [1]:
A=@®4, B=10, C = 50, D = RS mm).

(5) The fatiguc testing reported was constant amplitude, axial

stressed in the longitudinal (extrusion) direction. All
testing was conducted on the same axial resonance machine

in an ambient laboratory air environment.
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RESULTS

The mechanical property evaluation of the I/M and P/M products
whose chemical compositions are listed in Table 1 was completed
during this reportinyg period. These products were produced in
accordance with the processing parameters alrcady detailed |1}.
Alloy M which contains extremely low iron and silicon impurity
levels has been incorporated into this investigation in order to
ascertain the influence of these impurity elements on the mechani-
cal properties of the 7075 1/M (control) and P/M ecxtrusions. The
alloy M thick plate material was purchased from Alcan as a high
purity 7075 product; however, its chemical analysis and refined
microstructure indicate that the material is a specially processed
7475 commercial ingot. Consequently, extrusions produced from
alloy M material have been designated 7475.

The long time vacuum degassing yielded P/M products with hydrogen
contents equivalent to those of their respective [/M produccs,
Table *. In addition, the long time vacuum degassing of the
compact at the solution heat treatment temperature provided
sufficient time for solid state precipitation of the dispersoid
particles in both the 2024 and 7C75 P/M products. Therefore,
identical dispersoid particle size and distribution in the I/M
and P/M alloys were obtained prior to hot working.

1. 7075

~——

1.1 Processing (Summarized from Results in [1])

All 7075 P/M products were produced from 88 um APD powder

(26 $ - 325 mesh) which was vacuum-prencated. The 80 % dense
powder compacts were compacted via either vacuum hot pressing
(610 MPa at 743 K with a 10 minute dwell) or hot impact vacuum

6 Joules/m2 at 743 K in a high energy rate

compaction (5.61 x 10
forming Dynapak machine). Both compacting operations were uni-
axiai in nature. Extrusion products were prcdue d from the
vacuum hot-pressed billets by direct extrus: 1itilizing a 643 K
extrusion-preheat. I/M extrusion products . " also fabricated

with a 643 K extrusion-preheat.

10
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1.2 Mechanical Properties

Both the I/M (alloy H and M) and P/M (alloy L) extrusions'
tensile properties in the T6510 heat treatment are equivalent.
Although the fracture toughness of the two I/M products is
higher, the NTS/YS ratio for the P/M product indicates that its
fracture toughness is equivalent to typical values for 7075 I/M
extrusions, figure 1. The most significant difference between
the I/M and P/M products occurs in the notch fatique behavior.
A complete listing »f tensile properties for various extrusion
parameters 1s given in Tables 2 and 3.

1.2.1 Hot-WorkiQi

The effect of the degree of hot-working on tensile properties is
shown in Table 2 where it can be seen that a 81.9 % (5.54:1)
reduction in cross section area via direct extrusion is suffi-
cient to produce outstanding longitudinal mechanical properties.
In comparison to other round P/M extrusions, the results shown
in Table 3 for 25:1 extruded P/M products show that only slight
further increase in longitudinal strength can be obtained with
significantly incrcased cxtrusion reduction. Good strength
values are also developed for P/M products after 5.54:1 extrusion
in the transverse direction; however, these values are only
cquivalent to the vacuum hot-presscd product's strength proper-
ties, Table 4. The vacuum hot-pressed product displays enhanced
ductility values compared to the transverse ductility values of
the 5.54:1 extrusion, but lower ductility compared to the lon-
gitudinal ductility of the 5.54:1 extrusion. Mechanical proper-
ties of vacuum hot-pressed products are given in Table 4, and
are summarized below for comparison with the 5.54:1 and 10:1

extrusion product's transverse mechanical properties.

7075-T6 mechanical properties
P/M property UTS 0.2%YS R.A, elong. NTS/YS
product form direction (MPa) %
vacuum isotropic 584 510 9.1 6.6 1.09

hot-pressed
extruded 5.54:1

(81.9 %) transverse 579 516 4.8 5.0 -
extruded 10:1 transverse 610 543  18.9 14.4 1.14
(90 %)
11 "N
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For extrusion products, these values indicatc that in order to
obtain good transverse ductility, reductions on the order of at
least 10:1 or better are required. Extrusion ratios on the order
of 6:1 probably do not provi e sufficient shear flow during ex-
trusion for the oxide surface to be completely broken up and for
complete, sound welding of the virgin metal surfaces to take
place. This processing deficiency, which must also be present in
the vacuum hot-pressed product, is aligned mostly parallel to the
extrusion direction. Consequently, these defects do rot signifi-
cantly affect longitudinal properties of extrusions, but limit
the extrusion's transverse properties becausc the tensile axis

is perpendicular to these aligned weak zones.

1.2.2 Vacuum Hot Compaction

1.2.2.1 Hot-Pressing

As shown in the microustructure section, no porosity can be
metallographically found for the vacuum hot-pressed product. The
mechaaical properties of this P/M product are comparable to the
typical I/M extrusion mechanical properties in Figure 1, and are
in sharp contrast to those of Gurney et al. |22| for 7075 rotat-
ing electrode powder (REP). They reported that their REP vacuum
hot-pressed billet was incapable of sustaining machining stresses.
The round REP powders probably did not experience sufficient
shearing deformation during hot compaction to close voids and
develop sound particle to particle welding. However, because of
the irregular shape of zi1r atomized powder particles, hot-press-
ing results in good particle to particle welding due to the
shorter metal flow distance that is required with the irregular
shaped particles.

1.2.2.2 Hot Impact Compaction

Similar to the findings for the P/M 2024 alloy E [1], hot impact
vacuum compaction of the P/M 7075 alloy produced mechanical
properties (prior to hot-working) which were inferior to those
produced by vacuum hot-pressing. Tensile specimens from the

impact compacted product showed a brittle behavior with tensile

12
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strengths ranging from 256 to 509 MPa and ductility parameters
from O % to only 4.2 %. The specimen with a 509 MPa tensile
strength was the only specimen of the three which displayed a
0.2 % yileld strength (493 MPa) and ductility. These properties
are significuntly belcw those obtained from vacuum hot-pressing.
Consequently, further work with impact compaction was not
pursued.

1.2.3 Texture

The degree of mechanical property anisotropy between P/M and I/M
products was investigated with compressive yield strength
specimens. The results of this investigation are given in Table 5
and displayed graphically in Figure 2. The results indicate that
the I/M extrusion product's mechanical properties are more
anisotropic than those of the P/M material in the 45° and trans-
verse directions, while the longitudinal compressive vield
strengths of the two products are essentially equivalent. This
equivalency in the longitudinal direction indicates that the
extrusion textures for both products are similar. However, the
effect of the P/M product's finer grain size (P/M - 5 um and

I/M - 22 um) could be responsible for the better isotropy in

the P/M extrusion product. Final discussion of texture strengthen-

ing wiil have to wait for the results of X-ray texture analyses
which are in progress.

1.2.4 Solution Heat Treatment

A supplementary mechanical property investigation to determine
the effect of solution heat treatment temperature on strength
and ductility of 7075 P/M products may be found in Appendix A.
The aim of this supplementary investigation was to determine if
higher evacuation-preheat temperatures would adversely affect
mechanical properties.

1.2.5 8=N ratigue )

The S5-N fatigue behavior was characterized in air with longitu-

dinal specimens from 25:% extrusions. Testing was performed with
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notch Kt = 3 specimens subjected to constant amplitude axial
loading (R = 0.1). The 7075~T6510 P/M product, Figure 3, has a
145 MPa fatigue strength at 107 cycles compared to a 105 MPa
fatigue strength at 107 cycles for the control I/M product,
Figure 4. This 38 % improvement is presently being evaluated

for statistical significance according to the method described
by Maennig [27]. The fatigue behavior of I/M and P/M products is

shown in Figure 5 for comparison.

Although the S-N fatigue bechavior displayed in Figure 5 allows
one to immediately visualize the improved high cycle fatigue
(HCF) response of the P/M product, two factors may not be
immediately apparent. First, the data scatter occurring in the
I/M product's response (Figure 4) is significantly greater than
that for the P/M product (Figure 3). Second, extrapolation of
the individual fatigue curves indicates that the low cycle
fatigue (LCF) response of the P/M product is possibly not as
good as that of the I/M product.

The fatigue results found in this investigation are compared to
those of Kaufman et al. | 28] for commercially processed 7075~
T6510 I/M extrusions which were tested under similar conditions.
This data, shown in figure &, reveals that special I/M processing
can improve the notch S-N fatigue properties of I/M extrusion
products; however, the improvement via I/M technology is small

in comparison to the 45 % improvement in fatigue strength
afforded by the P/M approach.

Fatigue results of cpecimens taken from other high strength P/M
extrusions which were processed with different extrusion-preheat
temperatures, are also shown in figure 6. These additional
results confirm the HCF iaprovement and the flatness of the P/M
extrusion product's notch fatigue behavior. These additional
P/M produced specimens were of equivalent strength to the
specimens from the 643 K extrusion-preheat product and show that
the extrusion preheat temperature for P/M 7075 is not critical.

The notch S-N fatigue behavior of the 7075-T6 vacuum hot-pressed
product was also investigated, Figure 7. Thesec limited results

14
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indicate the vacuum hot-pressed product has the potential to at
lcast match the improved HCF behavior of the extruded P/M product.
Thus products made from the 7075 vacuum hot-pressed P/M billets
should provide *he same improved notch fatigue behavior, inde-
pendent of degree of hot-working (forging or direct pressing), as
has been found for the heavily deformed P/M extrusion products.
The notch fatique behavior shown in Figure 7 gives further
evidence to the increased limit and flat S-N response of the P/M
products. In comparing the fatigue results in Figure 7 to those
for P/M extrusions in Figure 6 it must be mentioned that residual
quench stresses could be a factor in the vacuum hot-pressed
response. Specimens were quenched with @ 16 mm, and subsequently
machined to a ¥ 6.4 mm notch. Consequently, if significant
residual stress remains after machining, it should be tensile in

nature [29].

Recrystallization and the degree thereof have also been shown to
have an impact on degrading the fatigque respcnse of high-strength
aluminum products [30, 31]. However, for the fatigue response
reported, the degree of recrystallization is not a factor. Back-
reflection pinhole X-ray patterns of 25:1 I/M and P/M extrusion
products do not show any indications of recrystalli-ation,

Figure 8.

1.3 Microstructure

1.3.1 Porosity

In comparison to the control I/M product,density measurements
revealed that the vacuum hot-pressed billets and extrusions
fabricated from these billets were 100 % dense, Table 7. A supple-
mentary examination for possible residual porosity in these P/M
products was conducted metallographically using polarized light.
Examination of unetched surfaces employing the scanning electron
micrcscope (SEM) did not provide the capability to distinguish
between possible porosity and pits or voids resulting from dis-
lodgement of intermetallic particles, that is afforded by optical
metallographic techniques,

15
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The initial ~:omparison between vacuum hot-pressed and 25:1 P/M cx-
trusion products, Figure %9a and %b, did not reveal any measurable
difference. Thus the similar defect structure in both products
resulted from either dislodgement of intermetallic particles or
similar porosity produced from release of residual hydrogen in
both the P/M products. It is important to note here that all
products examined for residual porosity were solution treated

and quenched. These treatments have been shown to exaggerate
porosity through release of residual hydrogen |32]. Consequently,
to eliminate the possible damaging influence of residual hydrogen,
the P/M products were compared to an I/M product of equivalent
volume percent second phase, Figure 9c. The results indicate

that no residual porosity could be found, and that the defect
structure is a void/pit structure resulting from dislodged inter-
metallic particles.

Metallographic specimens were not final polished or etched for
fear of dislodging a greater number of particles. Consequently,
the polishing scratches are readily observed in Figure 9.

The comparative micrographs in Figure 10 taken with unpolarized
light further demonstrate the relationship between particles and
the void structure. The locations shown in Figures 9 and 10 are
not representative of a typical polished surface location. How-
ever, they are representative of locations with a defect struc-

ture. Most of the polished surface was defect free.

1.3.2 Intermetallic (soluble and inscluble) Particles

Three different types of particles/precipitates form in the 7X75
alloy. These particles may be characterized by their size and the
manner in which they form.

a. Coarse intermetallic (constituent) particles -0.1 - 30 um &re
formed during solidification from the impurity elements iron
and silicon combining with aluminum and the major alloying
elements zinc, magnesium, and copper. These particles may be
characterized as equilibriun or nonequilibrium and further
divided as soluble or insoluble. No definite distinction in

16
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size may be made between these various particles,

b. Intermediate precipitates or chronium dispersoid particles
0.05 to 0.5 um are formed by solid state precipitation
during the homogenization treatment. The dispersoid (E-phase)
Al12Mg2Cr/Al18Mg3Cr2 particle is inccherent with the matrix.
In the case of the P/M products the amorphous oxide particles
(MgAlZnCu)x 0y also fit into this size range [33, 34].

c. Fine precipitates ©.001 to 1 um are formed by solid state
precipitation. These range from the 0.001 um coherent Guinier-
Preston (GP) zones, which are®the predominaat hardening pre-
cipitate to the metastable, partially coherent ManZ' (n"),
and finally to the incoherent large grain boundary precipi-
tates which are thought to be the Manz(n) phase. The latter
being relatively nonhardening particles which form up to 1 um

in size during slow quenching or drastic overaging.

1.3.2.1 Volume Percent Second Phase

The volume percent of the constituent intermetallic garuvicles
(VPCP) of several 7X75 aluminum alloy extrusion products was
determined by the ASTM point count method [35]. The point count
was taken on SEM micrographs [36] which pvovided contrast and
good resolution of the particle boundaries. Because of the
resolution, VPCP determination was based on particle sizes of
0.1 um and greater. The resolution error associated with the
particle perimeter, or perimetral effect, has been shown by
El-Soudani and Pelloux [37] to be 10 % when optical micrographs
arc used instead of SEM micrographs. Representative optical
micrographs for several I/M and P/M homogenization treatments,
Figure 11, clearly demonstrate the need to resolve the particle

boundaries, as well as providing an indication of the size and
distribution of these particles.

Results of the VPCP determination, Table 8, show a good correla-
tion with the NTS/YS values given in Table 3, with the assump-
tion that there is no significant change in VPCP between the 25:1
and 10:1 extrusion products. The extrusion product with the

17
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lowest VPCP provides the highest indication of plane strain
fracture thoughness, these results being consistent with the
findings of others [19 , 24, 38, 39]. The finer distcibution in
the P/M products is indicative of the smaller dendrite cell size

of these products, and is reflected in the completely dimple
rupture fracture surface of P/M tensile and notch tensile

specimens.

The application of the standard I/M 7075 homogenization treat-
ment (Treatmant A) to the I/M and P/M products resulted in their

J, having essentially equivalent VPCP values but different average
particle size values, Table 8. This suggests that the high

. J) solidification rate experierced by the powder was capable of

: altering the size and distribution of the intermetallics, but
was unable to significantly suppress their formation. The green
compact which was homogenized at 793 K (homogenization Treat-
ment C) and has a 1.7 VPCP, shows that a considerable amount
of the particles are scluble. Therefore, an elevated temperature
homogenization period which 1s insufficient to cause coarsening
of the chrcmium dispersoid phase particies, or a thermal-
mechanical processing [40] similar to that used on the I/M 7475
alloy (0.4 VPCP), would substantially reduce the VvrCP of the P/M
products and thereby increase their fracture toughness properties.

Abson et al. [41] have shown for 7075 REP powder that 2 h at
700 K is sufficient to precipitate the chromium dispersoid phase
to a distribution eguivalent to that of commercially homogenized
I/M 7075. Irn addition, based on current transmission electron
microscopy observations and the findings of Haarr |26]) concern-
ing the chromium dispersoid phase distribution, it can be
assumed that both the I/M and P/M products presented in Table 8,
have an egquivalent chromium particle distribution. Therefore,
even when a volume percent second phase (VPSP) value would be

; determined which includes the dispersoid phase, the difference

?;, in magnitude between the VPSP of the I/M alloys and the VPSP of
the P/M alloy would remain the same as the difference in VPCP.
However, for the P/M products the ox.de distribution must also
be considered. Assuming all oxygen to be present as either MgO
or A1203, after Lyle and Ccbulak |33, and distributed as 60 ¥
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MgO, after Otto [341, a prediction of 0.3 vol.% MgO and 0.17 vol.%
A1203 can be made. Thus an indication of the oxide volume percent
of 0.47 vol.% is obtained, and a relative measure of the total
volume percent second phase versus the NTS/YS fracture toughness
values from Tables 2 and 3 can be made. From such a comparison,
as provided in Table 9, the effect of second phase on fracture
toughness and the reason why the fracture toughness of the P/M
7075 is lower than the I/M extrusion products becomes clearer,
Because these constituent particles are brittle, they either
fracture or separate from the matrix when the local plastic
strain amplitude reaches a critical value, as in fast crack
growth (da/dn>10—6 m/cycle) or unstable crack growth at frac-
ture. The alloy with a higher VPSP can therefore be predicted

to have a lower resistance to unstable crack growth (lower NTS/YS).
The data in Table 9 fit this trend as well as showing that the

relationship is not linear.

It is noteworthy to discuss the microstructure-property relation-
ship between the two I/M products in order to obtain an under-
standing of why the I/M products' mechanical properties are im-
proved over typical mechanical properties for these alloys. Both
the I/M extrusions (alloy H and M) have a fine microstructure
which is the primary factor controlling the property improve-
ments found for these two products in comparison to the typical
I/M values shown in Figure 1. In addition to having an initial
high purity base, direct chill (DC) casting of the 10 kg, @ 80 mm
alloy H ingot yielded a fine 20 um average dendrite cell size
(DCS) which further refined the alloy's constituent particle
distribution. The special commercial processing of the high
purity alloy M ingot was responsible for the refined micro-
structure in the alloy M extrusion.

1.3.2,2 Particle Chemistry

The lattice parameters for the I/M and P/M products were measured
with a Siemens Fine Structure Goniometer using Cu KOL radiation,

2 6 = 0.02O step scan, and gold powder calibration. Intensity
mecasurements were taken from the (422) reflection on I/M and P/M
specimens which had been solution heat treated, air cooled, and
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electrolytically polished. The accuracy of the reported parameter
is estimated to be better than 0.0002 m~1o. The decrease in lat-
tice parameter from 4.0559 x 10—10 m for I/M alloy H to 4.0545 x

-10
10

ment (Treatment A, Table 8), suggests that the higher solidifica-

m for the P/M product given the same homogenization treat-

tion rate experienced by the powders led to a slightly super-
saturated final P/M product. Results of the lattice parameter
investigation given in Table 8 are within values published clsc-
where: Van Horn [43] 4.056 x 10-10 m for nonartificially aged
I/M 7075 products, and Durand et al. [44] 4.049 x 10_10 m for
air atomized 7075 powders. Published values for the change in
the aluminum lattice parameter frcm binary solid solution addi-
tions [43) indicates that silicon, copper, chromium, titanium,
and beryllium could be the elements predominantly responsible
for the lattice parameter difference between I/M alloy L and P/M
alloy L. Iron additicns up to its equilibrium solid solubility
limit in aluminum are reported to leave the lattice parameter
practically unchanged [45]. Beryllium, which is usually added

to the melt to reduce oxidation, titanium and silicon are not
present in the P/M product in sufficient quantity to account for
the lattice parameter change alone. In addition, there is no
detectable difference in the chromium particle distribution
between the I/M and P/M products.

The constituent particles were examined in a scanrning electron
microscope (SEM) with an energy dispersive X-ray analysis (EDAX)
capability. Display of the results of this examination are in
the form of X-ray intensi“y counts plotted against the energy
(keV) of the X-ravs emitted from the area being analyzed. 'This
method provides a qualitative chemical analysis of the constitu-
ent particles through ccmpariscn of the relative intensities for

the different elements.

A random survey of particles did not show any difference in
particle chemistry for the I/M and P/M products which had been
given the standard 7075 homoganization treatment (Treatment A,
Table 8). Particles were nf Al-Mg-Cu-Zn and Al-Mg-Fe-Cu-Zn-Cr
chemical compositions, indicating Cu(Mg,Zn)I\l2 and Al_.Cu,Fe

7772
type particles respectively. The 7475 1/M product contained
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Al-Mg=-Cu-Zn and Al-Fe-Cu-Zn particles as well as many large
Al-Fe-Cu-Cr-Mn particles. The ratio of Fe to Cu was altered for
the latter particle type with significantly more Fe present.
Similerly, the P/M product given homogenization t-eatment C
(high temperature homogenization) contained particles of in-
creased Fe content.

No MgZSi particles or high intensity peaks for Si were f ‘und
except for the P/M alloy given treatment A, where small amounts
oé Si were associated with Al-Mg-Cu-Zn particles. This indi-
cates that a significanz portion of the small amount of silicon
present in these ailoys could have remained in solid solutinn.
llowever, if the total silicon content had remained in solid
solution the lattice parameter would have only been reduced by
1.19 x 1074 m. 1n addition. since the Mg,Si parcicles did not
form, magnesium was not removed from its étrengthening role of

forming the intermediate n' precipitate.

Representative pictures of the EDAX display are shown in Figure
12 for the iron containing particles from (1) P/M 7075 treat-
ment A, (b) I/M 7475, and (c) P/M 7075 treatment C. Of particu-
lar interest is the increase of the Fe peak height to the Cu peak
height for the P/M treatment C in ccaparison to treatment A.
This change indicates that increased solubility of copper is
probably the main element responsible for the change in lattice
parameter. Since silicon, copper and iron are weak solid solu-
tion strengthening elements in the 7XXX series aluminum alloys
[46 - 48] , the fact that no change in strength occurred with a
changing lattice parameter can be understood.

No attempt has been made to systematically determine the chem-
istry of constituent particles, this work may be found else-
where from the examination of fractured surfaces [49]. The
information obtained from the current particle chemistry examina-
tion helps to understand why the lattice parameter changed with-
out affecting the strength. In addition, insight has alzo been
gained concerning the mechanism by which the copper is taken

into solid solution. Since the lattice parameter for the short

time homogenization (Treatment B) 1is very similar to thiat of the
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I/M product and since the lattice parameters for the P/M procucts

given the long time (Treatment A) or high temperature (Treatment
C) homogenization are equivalent, the total copper content is not

a

maintained in =ol sclution directly by the rapid solidification.
That portion of . copper content which was rejected during
solidification, can dissolve more gquickly into the matrix of the
P/M product because the distance required for diffusion has b:ien
shortened due to the smaller dendritic cell size. The quicker
resolution of the initially rejected copper in the powder product

is therefore an indirect product of the rapid solidification.

1.3.3 Optical Microstructure

Optical micrographs for the three alloys examined are presented
in Figures 13 - 15 for the 25:1 extrusions. The grain morphology
is one of small, unrecrystallized elongated grains containing a
well defined hot-worked substructure. Table 10 provides a .ist-
ing of the grain and subgrain parameters determined by quantita-

tive metallographic techniques [42, 501.

Both the I/M products have a coarser grain size in comparison to
the P/M product, however, the grain size of the I/M products is
much smaller than the typical grain size range for commercial

I/M products. The mean grain intercept length (L) for the P/M
product is 26 % of the mean grain iritercept length of both the
I/M products. The 20 - 30 um grain size range of the I/M products
is equivalent to I/M products which have been subjected to some
type of intermediate thermal mechanical treatment (ITMT) [517,
and is a factor of 2 to 4 times smaller than a typical commercial
product [32]. The P/M product's grain size is therefore an order
of magnitude smaller than typical I/M products.

In addition to optical measurements, X-ray iine broadening
analysis [52] was employed to quantitatively investigate the sub-
structure of the P/M and I/M products. The results of this
analysis showed that there is no measurable difference for the

2 um range and beliow, in the lattice distortion hetween the 1/M
and P/M extrusion products. Both products showed significent

line broadening which was indicative of the fine substructure
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shown in the higher magnification micrographs of Figures 13
and 14,

1.3.4 Transmission Eleccron Microscopy {(TEM)

A TEM examination of the I/M and P/M extrusion products' micro-
structure in the as-extruded (Figures 16 and 17) and in the as-
extruded plus solution heat treated (Fligures 18 and 19) condi-
tions revealed no differences other than size of the subgrains.

Thc as-extruded structure for both the I/M and P/M products is
a wel'! defined polygonized substructure as a result of dynamic
recovery, Figures 1¢ and 17. A considerable volume fraction of
larger particles is evident in both of these microstrucrures,
with a high frequency of occurrence in the boundarie.s. These
particles are probably forms of the eqguilibrium phases Manz,
CuMgAl,, Mg3Zn3A12 and Al18Mg3Cr‘2 (M, S, T, and E phases
respectively), and are responsible for limiting the degree of
recovery in the as-extruded products as well as influencing the
fine subgrain size in the solution neat ireated product. No

recrystallized grains or differences in the Al MgJCr chromium

18 2
dispersoid phases' sizes or distributions were observed for

either product.

After solution heat trecatment the vclume fraction of large par-
ticles,the M, S, and T equilibrium phases, is significantly re-
duced, Figures 18 and 19. Recrystallization has not occurred in
either product, however, the substructure of the I/M extrusion
product is slightly coarsened in comparison to that of the P/M
product. Both structures appzar tc be thermally stable and re-
crystallization resistant with boundary particles impeding
boundary migration. The bending of the boundaries around par-
ticles in Figure 18 for the I/M extrusion product indicates a
boundary particle pinning mechanism. For these solution heat
trecated preducts, diffraction patterns along the extrusion
direction, zhow the orientation difference between tuuy. .us to
be only a few degrees. In the direction perpendicular to the
extrusion direction, diffraction patterns show a high freguency

of significant orientation differences (large angle grain
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boundaries) as well as some small orientation differences (sub-

grains).

1 3.5 Fractography

An investigation of the fracture surfaces of various I/M and P/M
tensile and notch tensile specimens was conducted to see if there
was any difference in the fracture mechanisms. Fractographs are
shown only for the transverse tensile fracture surfaces as the
appearance of the other specimens' fracture surfaces is identical

to that which may be founéd elsewhere [49].

The fracture surface of longitudinal tensile specimens from both
I/M and P/M extrusion products (5.54:1, 10:1, and 25:1) is trans-
granular. The fracture surfaces of the P/M products reveals an
uniform dimple rupture fracture which corresponds to the fine,
uniform constituent particle distribution. In contrast, the I/4
products reveal a nonuniform dimple rupture fracture with some
secondary cracking; large dimples resulting from large, cracked
constituent particles, as well as flat, 50 um wide areas with

small dimples resulting from the chromium dispersoid are observed.

The longitudinal and transverse notch tensile fracture surfaces
for both I/M extrusions and P/M products (10:1 and 25:1 extru-

sions and vacuum hot-pressed) are totally transgranular, dimple
ruptured. The dimples of the P/M product's fracture surface are

more uniform in size than those of ‘the I/M product's surface.

The fracture surface of tensile specimens machined from the
transverse direction of 10:1 extrusions, for both I/M and P/M
products, reveals the stringer effect of the ccnstituent par-
ticles, Figures 20 and 21. Both products show a predominantly
transgranular, dimple rupture fracture, but the dimple structure
of the P/M product is finer and more uniform. In addition,
approximately 30 % of the I/M product's fracture surface has the
appearance of possible slip plane or grain boundary fracture,
Figure 21b. The surfaces appe=ar smooth, but at high magnifica-
tion fine, uniform dimples become evident, Figure 21c. These

surfaces are approximately as wide as the grain width, but are




also con the order of the distance between stringers of large
constituent particles. In contrast, the P/M product shows a
considerably lower percent of these smooth appearing fracture
surfaces. However, the width of these surfaces are also the same
size as the larger grain widths of the P/M product, and are on
the order of the distance between occassional stringering of the
larger constituent particles. These flat surfaces also show a

very fine, uniform dimple rupture fracture.

The fracture surface of the transverse tensile specimen from the
5.54:1 P/M axtrusion product, Figure 22, dces not show the uni-
form dimple size seen in Figure 20 for the 1C:1 extrusion. In-~
stead, the fracture surface ranges from large cracked particles
to featureless walls. The extrusion direction and stringering of
particles are casily identifiable. The lack of complete, uniform
dimple rupture, as in Figure 20, indicates the 5.54:1 P/M extru-
sion contains zones of weakness. These zones are probably areas
predominantly parallel to the extrusion direction where insuffi-
cient shear has resulted in unsound welding of the powder par-
ticles.

The absence of a predominant dimple rupture fracture in the
5.54:1 P/M extrusion product correlates with the lower ductility
values found for this product when compared to the predominant
dimple rupturc fracture and higher ductility values of the 10:1
P/M extrusion product. These fractographic results further
indicate that in order to develop acceptable transverse duc-
tility in P/M extrusion products a minimum extrusion ratio of

approximately 10:1 is required.
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2. 2024

2.1 Processing

The 2024 P/M products were produced from powders of various aver-
age particle diameters, Table 12, ali of which werc vacuum-pre-
heated prior to coempaction. The main effort with the 2024 alloy
was accomplished with the alloy E 82 um APD powder.

The results of various compaction techniques for the 2024 powders
have been previously reported [']. This investigation revealed
that only uniaxial vacuum hot compaction (610 MPa at 763 K with

a 10 minute dwell) produced sound P/M billets. Extrusion products
were produced trom the vacuum hot-pressed billets by direct

extrusion, 10:1! and 25:1 extrusion ratios.

Sincae the manganese dispersoid particle's capability to retard
racrystallization in the 2024 alloy is not as effective as the
chromium dispersoid particle in the 7075 alloy {391, the selec-
t.on of an extrusion-preheat temperature for the 2024 alloy was
more critical. Several temperatures from 613 K to 753 K were
evaluated for the P/M extrusion procducts. Highest strength and
nctch fatigue properties were developed in the P/M product with
a 643 K extrusion-preheat. A 753 K extrusion-preheat temperature
oroduced slightly lower mechanical properties.

fack reflection pinhole X-ray analysis was conduc*ted on solution
nezt treated (766 K) P/M and I/M extrusion products. Based on
this analysis, the texture of the P/M extrusion products
fabricrted with the 643 K and 753 K extrusion-preheat temperature
is similar. Vhereas no recrystallization 1s revealed in these
X-ray pictures for the 753 K extrusion-preheat, the 643 K extru-
sion-preheat X-ray picture shows a slight amount of recrystalliza-
tion even though this extrusion-preheat developed the best pro-
perties. Analysis of the back reflection pinhole X-ray pictures
for the »12 K extrusion-preheat P/M product revealed consider-
anle rerrvycallization but with some degree of retained texture.
Anialysis of the 673 K extrusion-preheat P/M product did not show
any recrystallization.




The back reflection pinhole X-ray analysis of the I/M alloy C
extrusion products manufactured with a 643 K extrusion-preheat
showed a totally recrystallized structure. No strong recrystalli-
zation texturce was observed in the 25:1 I/M extrusion product

and a very slight recrystallization texture in the 10:1 I/M
extrusion products was observed.

2.2 Mechanical Properties

Because of the good fracture toughness and fatigue behavior of
I/M 2024 in the naturally aged condition, the P/M 2024 products
were initially evaluated with the naturally aged T3510 precipita-
tion heat treatment. The T3510 treatment yields the best fatigue
properties [53, 54| for I/M products. Artificial aging and .
thermal mechanical treatments were subsequently evaluated in
order to produce I/M and P/M products for fatigue testing at
equivalent yield strength levels.

The 2024-T3510 P/M extrusion products show significant strength
improvements in comparison to their I/M counterparts, Figure 23
and Table 13. The P/M extrusion from a 643 K extrusion-preheat
has 20 % improvement (102 MPa) in tensile strength and 26 % im-
provement (99 MPa) in yield strer.gth over the average values

from alloy A, B and C I/M 25:1 extrusions. This strength improve-
ment is accompanied by some loss of ductility and fracture tough-
ness, as would be expected, but these reductions are not severe.
In comparison to typical properties, Figure 23, the P/M extrusion
product offers significant improvements except for fracture
toughness. While the mechanical properties of the vacuum hot-~
pressed P/M product are not as good as the P/M extruded products'
properties, they are essentially equivalent to those of the I/M
extrusion products. Thus vacuum hot-pressing to near net shape

or to forging preform shape may represent a useful processing
technique for this alloy.

Mechanical properties from the control I/M alloy C extrusion
product are in agreement with those of the commercial alloy A
and B extrusion products. Therefore, comparisons made between

P/M and I/M alloy C extrusion products fabricated with the same
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processing parameters developed for P/M extrusion products,
represent valid comparisons between P/M and I/M extrusion products
in general,

2.2.1 Effect of Extrusion--Preheat Temperature

The effect of the 643 K and 753 K extrusion-preheat temperature

on the mechanical properties of P/M extrusion products was in-
vestigated for various precipitation treatments. The 643 K extru-~
sion-preheat yields strength prcperties which are consistantly
better than the 753 K extrusion-preheat, independent of precipita-
tion heat treatment, Figure 24. This improvement is obtained
without loss of ductility, and it is thought to result from the
slightly smailer grain/subgrain size of the 643 K extrusion-
preheat product.

2.2.2 Aging Response

The response of the P/M extrusion products to various aging
treatments is also shown in Figure 24. The enhanced aging response
produced by the T3510 treatment (cold-"-orked by stretching bet-
weer SHT and RT age) in comparison to the T4 Treatment (without
cold-work) is effective for both the P/M and I/M extrusion pro-
ducts. Of additional significance is the higher strength of the
naturally aged T3510 P/M extrusion product manufactured with a
643 K extrusion-preheat as compared to the I/M extrusion product
given the high strength, standard T851 thermzal mechanical treat-
ment, i.e. artificial aging following 1 to 3 % deformation. This
strength improvement is obtained without any significant loss of
ductility.

In order to investigate the P/M and I/M extrusion products'
fatigue response at equal yield strength levels and with equi-
valent microstructures, it was necessary to employ artificial
aging and thermal mechanical treatments. The tabulated mechanical
properties in Tables 13 and 14 for natural aging show that it is
impossible to obtain an I/M product via natural aging at strength
levels equivalent to those of the P/M extrusion products. From

published yield strength values it was determined that even if an
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enhanced precipitation response T35X treatment were to be
employed, the yleld strength of the naturally aged I/M extrusion
products would not equal those of the T351 P/M extrusion products.
Consequently it was necessar' to investigate the extrusion pro-
ducts' response to elevated temperature precipitata 1t treat-
ment (artificial aging), Tables 15 to 18.

With respect to the artificially aged Té6 condition, the P/M
extrusion products exhibited a mixed response with regard to
strength properties when compared to those of the I/M extrusion
products. However, the ductility properties of the P/M extrusion
products are on the average slightly enhanced in comparison to
those of the I/M extvusion products, Table 15. In the T6é condition,
the P/M extrusion product manufactured with a 643 K extrusion-
preheat exhibits a2 % lower ultimate tensile strength and a 4.6 %
higher yield strength in comparison to the respective properties
of the I/M extrusion products. Whereas the P/M extrusion product
manufactured with a 753 K extrusion-preheat had a 5.7 % lower
ultimate tensile strength and a 0.9 % lower yield strength in
comparison to the respective properties of the I/M extrusion
products. Thus in general, the significant strength advantage of
the P/M extrusion products over the I/M extrusion products which
was developed via natural aging is not developed via artificial
aging. For the 25:1 extrusion ratios, the average yield strength
of the P/M extrusion products in the naturally aged T4 condition
is 42 ¥ higher than that of the I/M extrusion products (Table 14),
whereas the average yield strength of the P/M extrusion products
in the artificially aged T6 condition is essentially the same as
that of the I/M extrusion products (Table 15). Since the yield
strength of the I/M extrusion products in the T6 condition is

28 % improved over that of the T4 condition, artificial aging
(T6) instead of natural aging, actually results in a strength
degradation for the P/M extrusion products, Figure 24. No differ-
ence was found via hardness testing for the rate of artificial
aging response between the P/M and I/M 2024 products. This latter
finding is in agqreement with that reported by Roberts [55].
Consequently, the degradation of the P/M product's strength with

artificial aging is not due to overaging.
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The aging response of products given a T8 thermal mechanical
treatment (TMT) consisting of plastic deformation prior to arti-
ficial aging, was also investigated. The mechanical properties of
P/M and I/M extrusion products subjected to several TMTs show that
the strength parameters, and in general also the ductility para-
meters, of the P/M extrusion products remain slightly below the ’
values determined for I/M extrusion products, given the same TMT,
Tables 16 -~ 18 and Figure 24. For the T8510 treatment, Table 16,
the P/M product manufactured with a 643 K extrusion-preheat and
25:1 extrusion ratio has a 1.5 % lower tensile strength and 3.5 %
lower yield strength in comparison to the averages of the I/M
alloy B and C extrusion products' properties. Similarly for the

T8510 products manufactured with a 10:1 extrusion ratio, the P/M
product has a 5 % lower tensile strength and a 11.2 % lower yield
strength in comparison to the control I/M alloy C extrusion prod-
uct. In addition, the ductility parameters for the P/M products
for both extrusion ratios are lower than those of the I/M prod-
ucts: 24 % and 16 % lower for reduction in area and elongation

at failure, respectively. Although the mechanism is not under-
stood, it is apparent that when P/M 2024 extrusion products are
subjected to the same artificial aging treatment as I/M extrusion
products, the P/M oroducts's mechanical properties are moderate-
ly lower than those of the I/M product.

Similar results to those discussed for the T8510 aging treatment
were also found for a T8570 aging treatment, Table 18. In this
case the TMT consisted of 7 - 8 % plastic deformation by stretch-
ing prior to elevated temperature aging. An accurate property
comparison cannot be made for this treatment as the plastic

def “:.nation was determined to be nonuniform.

The tensile properties of I/M extrusion products given TMTs

(Table 16 - 18) reveal that the enhanced precipitation response
developed by such treatments is necessary to develop a yield
strength in an I/M product which is equivalent to the yield
strength of the P/M extrusion product given the simpler T3510
treatment (Table 13). However, over the range of TMTs investigated
(up to 8 % plastic deformation prior to artificial aging) the
ultimate tensile strength of the I/M extrusion products does not
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reach that which can b« obtained from the P/M extrusion products

given the simpler naturally aged T3510 or T4 treatments.

In order to accomplish fatique testing of the P/M and I/M extru-
sion products at an equivalent yield strength and tor the same
microstructure, P/M extrusion products require a separate TMT
for each extrusion ratio. The T/M extrusion products were given
a T8510 treatment. The P/M product manufactured with 25:1 extru-
sion ratio was given a T8540 TMT which ccnsisted of 4 % plastic
deformation followed by 11 h at 464 K. This TMT yields P/M 2024
extrusion products with equal swvrength and roughly equivalent
ductility parameters compared to those of the 25:1 I/M 2024-
T8510 extrusion product. The P/M extrusion product manufactured
with a 10:1 extrusion ratio, for fatigue crack propagation test-
ing, was also given a T8540 TMT but with only 8.5 h at 464 K.
This TMT yields P/M 2024 extrusion products with equivalent
strength but slightly lower ductility parameters compared to
those of the 10:1 I/M 2024-T8510 extrusion product. This fatigue

testing is currently being conducted.

2.2.3 Effect of Extrusion Ratio and Directional Properties

In the naturally aged condition, the strength properties of P/M
extrusion products manufactured with a 10:1 extrusion ratio are
somewhat reduced from those produced with a 25:1 extrusion ratio,
with equivalent ductility values, Table 14. However, the 10:1

P/M extrusion products have strength properties which are an
average 26.8 % (16.8 % UTS and 36.8 % YS) higher than those of
25:1 I/M extrusion products, and also bave higher ductility para-
meters. The 10:1 P/M extrusion products exhibit an average 26.7 %
increase in longitudinal and 11 % increase in trarsverse strength
properties in comparison to those of 10:1 I/M extrusion products,
with equivalent ductility in the longitudinal direction and en-
hanced ductility in the transverse direction. It is also inter-
esting to ncote that the strength properties c¢f the I/M extrusion
product are slightly higher in the transverse direction than in

the longitudinal direction.
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2.2.4 Notch S-N Fatique Behavior

The notch S-N fatigue behavior was characterized in a labora-
tory air environment with longitudinal specimens from 25:1 ex-
trusions. The notch Kt = 3 specimens were subjected to constant
amplitude axial loading. Results of this investigation show that
the 2024-T3510 P/M extrusion product manufactured with a 643 K
extrusion-preheat has a 140 MPa fatigue strenygth at 107 cycles,
Figure 25. In comparison, a 105 MPa fatigue strength at 107
cycles was found for the control I/M extrusion product manufac-
tured with the same 643 K extrusion-preheat, Figure 26. This

33 % improvement is presently being evaluated for statistical

significance according to the method described by Maenniyg [271.

For comparison, the fatigue behavior of 2024-T3510 P/M and I/Mex-
trusion products is shown in Figure 27. The S-N fatiguc response
for the control I/M extrusion product, alloy C, lies within the
scatter band found for the alloy A and B commercial extrusion
products in the HCF region and to the lower life side of the i/M
scatter band in the LCF region. The P/M extrusion products exhibit
an improved notch S-N fatigue response in the HCF region. The

P/M extrusion processed with a 643 K extrusion-preheat has an
improved notch HCF behavior in comparison to the P/M extrusion
processed with a 733 K extrusion-preheat. However, the LCF be-
havior of both P/M extrusion products appears to yield a shorter
life compared to the I/M alloy A and B extrusion products. These
results are similar to the results found for the 7075 alloys.

Since the 2024-T3510 I/M and P/M extrusion products have signif-

icantly different strength properties, it was necessary to sepa-

rate the strength difference from the fatigue results to see if

the HCF improvement was solely a function of strength. Such a

separation was made by normalizing the applied stress with the

tensile strength of the material. The shape of the normalized

curve, Figure 28, is quite similar to the S-N curve in Figure 27.

In the HCF region the normalized S-N curve reveals that the im- -
proved fatigue responses of the P/M extrusion products is not

solely dependent upon strength improvemen*s. This is particular-

ly clear for the 643 K extrusion-preheat product. The analysis
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does indicate that the higher strength of the P/M products
influences the notch 5-N fatigue behavior. Normalization of the
applied stress with the yield strength shows a similar trend.

The only difference is found in the HCF region where the improve-
ment shown by the P/M extrusion products, although evident, is

not as large as that shown by tensile strength normalization.

In the LCF region the normalized S£-N curve reveals the fatigue
life of the P/M extrusion products is shorter than that of I/M
extrusion products tested at the same percent of ultimate tensile
strength. Normalization of the fatigue data exaggerates the flat-
ness of the P/M fatique response. From this analysis it appears
that when the strain range increases and plasticity is required,

the P/M products are not as fatigue resistant.

2.2.5 Effect of Pcwder Initial Average Pariicle Diameter (APD)

The mechanical properties of 2024 P/M extrusion products in both

the longitudinal and transverse directions did not show any sig-

nificant dependence on the powder's initial average particle dia-
meter (APD) over the range 36 - 117 um . The oxygen content of
the P/M extruded product did show the expected increase, due to
increased surface area, as the APD decreased, Table 1. However,

no mechanical property trend with oxygen content was discovered.

Mechanical properties, with the exception of S-N fatigue, were
evaluated in the naturally aged T4 condition to avoid variations
which could have possibly been introduced by nonuniform deforma-
tion if the T35X condition had been examined. The notch S-N fa-
tigue behavior was examined for the T351 heat treatment in order
to maintain one naturally aged condition for the comparison of
the various P/M and I/M extrusion products' fatigue responses. If
slight variations in the yield strength were to exist from dif-
ferences in the 1% % stretch deformation, they were thought to

not be significant in evaluating the notch fatigue behavior.

For longitudinal properties of 25:1 extrusion products, there

was a slight decrease in strength as APD decreased. This varia-
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tion was less than 2.5 % of the average strength value, Table 19,
Variations in ductility parameters, fracture toughness indicators,
oxygen content, or measured grain size did not correspond with
thes? strength changes. Since no coasistent interrelationship
with these strength variations could be found, and since the
strength variation was small, it was concluded that no sig-
nificant variation of longitudinal strength with initial APD
existed.

The transverse mechanical properties of 10:1 extrusion products
were also investigated as a function of initial powder size since
the transverse direction is much more sensitive to processing
variations. Again no significant mechanical property trend could
be established, Table 20. Whereas ductility parameters decreased
as APD decreased (oxygen content increasing) there was no clear
trend in the strength parameters or NTS/YS values.

Limited notch S-N fatigue testing was performed for the three
APD P/M extrusion products with identical chemistry, i.e. APD's
of 36, 82, and 117 um. Results of these tests, Figures 29 - 31,
indicated the notch fatigue behavior of extrusion products manu-
factured from the larger 117 um APD could possibly provide a
slight improvement in HCF response, Figure 29, over extrusion
products manufactured from the smaller 36 and 82 um APD powders.

Additional investigations of 117 um APD powder products were not

conducted because of the following: (1) significant HCF improve-

ments in the notch S-N fatigue behavior of the P/M product manu-

factured from 82 um APD powder with a 643 K extrusion-preheat was
feund, (2) the microstructure of the 117 and 82 um APD P/M products |
was similar with the exception that the 117 um APD powder prod-
uct's grain size was larger, and (3) the yield strength, which

was shown to influence the notch S-N fatigue behavior for 2024

P/M extrusion products, Figure 28, was at least equivalent, if

not better and with equal ductility, for the 82 um APD P/M ex-

trusion product tested in the T3510 condition.
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2.3 Microstructure

2.3.1 Porosity

An examination for possible residual porosity in the 2024 P/M
products was conducted ak cfitlined in section 1.3.1. Results of
this examination we.'e sinilar to those for the 7075 P/M products:
no definite residual porosity could be found. These results were
as expected as densiiy measurements of the 2024 P/M and I/M prod-
ucts |1} revealed 100 & aense P/M products.

2.3.2 Intermetallic (soluble and insoluble) Particles

Three different types of particles/precipitates form in the 2024
alloy. These particles are the:

a. coarse intermetallic (constituent) particles ~ 0.1 to 30 um
which are foruned during solidification, similar to that in the
7075 alloy.

b. intermediate AleCuzMn precipitates (incoherent manganese
dispersoid particles) -~ 0.03 to 0.5 um which are formed by
solid state precipitation during the homogenization treatment
and, in the case of the F/M products, the amorphous oxide

CiaBns v

particles which also fit into the same size range.

¢. fine precipitates ~ 0.001 to 1 um. These range from the
coherent G.P. zones formed during room temperature natural
aging, to the metastable partially coherent A12CuMg' (s")

phase formed during elevated temperature artificial aginy,

and finally to the relatively nonhardening incoherent

A12CuMg (S) phase (probably the large grain boundary precipi-
. tate phase which can be 1 um upon drastic overaging). The G.P.

‘j@ R zones and S' precipitates are responsible for hardening.

;
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2.3.2.1 Voiume Percent Second Phase

The volume percent of the constituent particies (VPCP) for the
2024 aluminum alloy extrusion products was determined by the
point count method outlined in section 1.3.2.1. The results of
the VPCP determination, Table 21, show that for 2024 P/M products
given a sufficient homogenizatcion treatment, the VPCP can be
significantly reduced below that of standard I/M 2024 products
(alloy A) or specially processed 2124 alloy type products

(alloy C). However, for the 2024 alloy reductions in VPCP
accomplished by P/M processing are not as large as reductions

that can be obtained by chemistry modification [39].

The VPCP results for P/M 2024 products (Tablc 21) show that the
solidification rate experienced by the powder during air atomi-
zation was not capable of suppressirg formation of the constituent
particles. The high VPCP of the P/M product given a short time,
low cemperature homogenization treatment (Treatment B) demon-
strates the requirement for a long time or high temperature
homogenization treatment similar to Treatments A or C in order

to reduce the VPCP. The P/M 2024 products do not show increased
constituent particle solubility through elevated temperature
homogenization (Treatment C), as the VPCP level resulting from
the standard I/M homogenization treatment (Treatment A) is equi-
valent to the VPCP resulting from Treatment C, Table 21. Similar
results have been reported for I/M 2024 and 2124 alloy products
[19]. The VPCP of the P/M extrusion products given homogenization
Treatment A or C is lower than the VPCP of the control I/M alloy
C extrusion product given Treatment A, even though alloy C's
chemistry was equivalent to that of the P/M products. Thus
suggesting that some degree of suppression of constituent
particle formation could take place.

The P/M products' refined dedritic structure, i.e. smaller

dendritic cell size, is responsible for the refinement in the
constituent particle size. Constituent particles in the P/M prod- -
uct given the scandard 2024 I/M homogenization treatment (Treat-

ment A) were one half of the size of constituent particles in the

I/M control alloy C product, lable 21. In comparison to the
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commercial product, alloy A, *he P/M product's constituent

particle size is almost one-third smaller.

Comparison of fracture toughness resistance between P/M and I/M
2024 extrusion products to determine the influence of VPCP was
not possible because of yield strength and microstructural
differences. Since both yield strength and the type of hardening
precipitate influence fracture toughness, a direct comparison of
the effect of VPCP on fracture toughress has not been possible
because of the difference of the 2024 P/M and I/M produc*s' aging
responses. 1t is interesting to note, however, that for the T3510
aging treatment, the P/M extrusion product with a 6.5 VPCP
exhibited an equivalent NTS/YS ratio (1.5C, to that of the I/M
product with a 3.3 VPCP. This result was found even though the
P/M product had a 15 % higher yield strength, 424 MPa for the
P/M extrusion product versus 369 MPa for the control 1/M extru-
sion product which was also manufactured with a 643 K extrusion-
preheat.

2.3.2.2 Particle Chemistry

Investigation of the P/M and I/M extrusion products’ particles
with EDAX did not reveal any significant differencees in par-
ticle chemistry. The only difference found was that Mgzsi tvpe
particles 'iere observed in the I/M product but not in the P/M
product. In general an effort is made during alloy production to
balance the silicon content with that of iron in order to tie up
the iron as aAlleSi. Thus iron is not allowed to drain copper
from its hardening role through formation of Fe-Cu particles such
as CuZFeAl7. However, thc aAlFeSi constituent particles were not
observed during the limited EDAX particle survey in either the
I/M or P/M products, but the Al-Fe-Cu and Al-Mn-Fe-Cu particles
were readily observed. It is pissible that the strong aluminum
intensity masked the silicon response, however, no indication of
this was observed.

The lack of significant particle chemistry di. ¢« rences between
the I/M and P/M extrusion products, as determin. ' by EDAX

analyses, is in agreement with the small differei.ces in the
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lattice parameters between these products, Table 21. These results
further indicate that air atomizing of thc 2024 alloy does not
produce a supersaturated matrix or significantly suppress consti-
tuent particle formation in P/M extrusion products. Lebo and
Grant [11] have reported that in extrusion products fabricated
from splat quenched 2024 foils, the Al-Mn-Fe-Cu particles did

not form. Similar resultswere found during the EDAX particle
analysis of the P/M product given the short time, low temperature
homogenization treatment (Treatment B, Table 21). This analysis
showed many Al-Cu particles with very low intensity iron and
manganese peaks and no clearly distinguishable Al-Mn-Fe~Cu par-
ticles. However, EDAX particle analysis of P/M extrusions given
the standard I/M 2024 homogenization treatment (Treatment A,
Table 21) or an elevated temperature homogenization treatment
(Treatment C) revealed that the Al-Mn-Fe-Cu particles did sub-
sequently form. Thus air atomization can initially suppress
formation of Al-Mn-Fe-Cu particles, but since homogenization
treatments of the A or C type are necessary to reduce VPCP and

to optimize mechanical properties, the presence of the Al-Mn-
Fe-Cu particles in the final P/M product can not be avoided.

2.3.3 Optical Microstructure

Examination of the optical microstructure of the P/M and I/i.
extrusion products manufactured with a 25:1 extrusion ratio

revealed considercble differences. After the solution heat

treatment the I/M e:itrusion product's microstructure is completely
recrystallized, Figure 32. Whereas the degree of recrystallization

in P/M extrusion product's microstructure after solution heat
treatment is depend=2nt upon processing variables, Figures 33
and 34.

For the P/M product, extrusion processing parameters were varied
to yield P/M products with microstrucuvures from completely
recrystallized (Figure 33) to completely unrecrystallized. The
grain structure of these P/M extrusions varies from L = 6.7 to
63.5 um, Table 22, the latter grain size represents the completely
recrystallized P/M extrusion product. It is of interest to note

that the recrystallized P/M products' strength properties are
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equivalent to those of the control I/M alloy C product, Table 23.
However, the range of mechanical properties for the various P/M
products given in Table 23 demonstrates that a strength-micro-
structure dependence exists for 2024-T3510. For the fine grain
P/M products, which are either unrecrystallized or have a low
degree of recrystallization the average strength increase is
about 20 % over the recrystallized (coarce gra.in) P/M product of
the same powder alloy. The strength-microstructure dependence

for some of the P/M and I/M extrusion products agiven in Tables 22
and 23 are illustrated by graphing the relationship between yield
strength and the reciprocal of the grain thickness GL ’

Figure 35. Similar Hall-Petch realtionships can be iliustrated
for the tensile strength, and as a function of the reciprocal of

the square root of the mean grain intercept length, L.

The strength-microstructure dependence was determined for the
case of coherent G.P. zones, i.e. shearable hardening "precipi-
tates", resulting from natural aging. A similar strength-micro-
structure relationship was found for the artilicially aged P/M
2024 alloy products, although this relationship was not as
extensively investigated for artificial aging as it was for
natural aging. The effect of the different microstructures,
developed through extrusion-preheat temperature variation, on
the P/M extrusion products mechanical properties is independent
of aging treatment, Figure 24. However, the strength-microstruc-
ture relationship between I/M and P/M extrusion products is not
the same for artificial aging as it is for natural aging.
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DISCUSSION

1. S~-N Fatigue

1.1 7075

It is thought chat a significant portion of the notch S-N fatigue
improvements for the P/M products results from the refined size
and more uniform distribution of the coarse constituent phase
particles and the small grain size, both of which positively
affect crack initiation resistance. For a fatigue resistant
material Grosskreutz [56] ras suggested that concentrations of
plastic strain shoula be reduced by eliminating coarse intermetallic
narticles as well as other factors which promote inhomogeneous de-
foernation. Jor the P/M products bkoth of these conditions arc at
lecs* partially fuifilled. The high solidificatiun rate experi-
enced kv tre powder particins eluimiiates the larger intermetallic
particles py distributiny the normally coarse constituent par-
ticles into a finer dispersion. As presented in the microstruc-
ture section, the mean constituent particle intercept length for
the E/M product is 26 % smaller than the control I/M product.

The small grain size of the P/M products serves to promote homo-
geneous deformation as the grain boundaries can impede cyclic
slip motion. Thus two mechanisms are active in the P/M products
which are not reflected in the strength parameters, Table 3, but
which can significantly increase the applied stress required for
crack nucleation.

The reduced scatter in the P/M product's response, and therefore
a significantly higher stress level for a low probability of
failure (i.e. 815;10% or 81871%) over the I/M product, is be-
lieved to be the result of the fine constituent particle size in
the P/M product. Thus the probability of a large particle nucle-
ating a crack due to strain incompatability [25] in the area of

the notch, is reduced in the P/M product.
The positive effects on S-N fatigque behavior of microstruc-
tural refinement of constituent particles due to P/M techniques

may be overshadowed if P/M processing results in lower
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ductility. If the P/M alloy's mechanical properties indicate

reduced engineering ductility, the reduction in micro stress
concentration in the area of a notch due to particle refinement,
could very well be a secondary effect. Because the notch produces
a region of strain controlled fatiqgue damage, material with 1owe§
macroscopic ductility could possibly show an exhaustion of cyclic
ductility and therefore crack initiation at a lower number of
cycles, or equivalently, at a lower applied stress for a given
number of cycles. Unfortunately, the relationship between macro-
scopic ductility-microstructure and cyclic ductility is not
understood. Examples of high strength aluminum P/M alloy products
with low macroscopic ductility, improved smooth S-N fatigque
response over I/M 7075, and notch S-N fatigue response equivalent
to I/M 7075 exist in the literature [57].

The P/M and control I/M products investigated for this report
have equivalent macroscopic strength and ductility parameters.
Thus the possible ecarly exhaustion of cyclic ductility is not a
significant factor here. However, the influence of grain size
on promoting homogenzous deformation has not been adequately
characterized. In pursuit of this characterization goal, the fa-
tigue response of the I/M alloy M(7475) extrusion prcduct with
constituent particle size equivalent to tne alloy L 7075 /M
extrusion product, and grain size equivalernt to the alloy H

7075 I/M extrusion product, will be investigated.

Additionally, the role of the finely dispersed oxide with regard
to homogeneous deformation in the P/M extrusion products 1s not
well understood. The powder particle's surface oxide layer is
broken up during extrusion to abcut the same size as that of

the dispersoid phase. It is therefore plausible cthat the oxide
particles act in a manner similar to the dispersoid in promoting
homogeneous slip deformation. Hcwever, in the 25:1 P/M extrusions
the distribution of these oxide particles is much coarser than
the fine distribution of the chromium E-phase dispersoid particles
and is thought not to be a significant factor with regard to

homogencous deformation.

Wwith regard to degraded LCF response, the limited I/M and P/M
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data for the Kt = 3 behavior at a load of 200 MPa, Figures 3 and
4, together with the flatness of the P/M response in the 107 -
1O5 cycles region, are indications of a poorer LCF response for
the P/M product. In addition, preliminary indications from the
ongoing smooth S-N fatigue investigation confirm this bechavior.
In order to quantify the LCF behavior of P/M products, it is
suggested that constant strain amplitude fatiqgue testing be per-
formed. In this manner the cyclic plastic strair, or fatigue
damage, at a given stress level may be more adequately defined.
Alternately, to determine if this observation can significantly
impact service life, spectrum loading which incorporates the
stress levels from the LCF region might be expected to show the
importance of the LCF degradation and the HCF improvement.

LCF degradation has also been reported for high purity I/M alloy
products. Kaufman [16] has presented smooth S-N fatigue data
which shows that higher purity I/M alloy products have lower
mid-1life (104 - 106 cycles) fatigue strengths than conventionail
I/M products with higher iron and silicon contents. It is not
understood whether the LCF degradation is a result of a decrease
in the crack initiaticn or propagation resistance. In the LCF
range, the larger constituent particles found in the high iron
and silicon products may contribute to the capability to resist
concentrated large scale slip. These constituent particles
decrease the crack initiation resistance in the HCF range by
increasing the strain concentration, but they may homogenize the
large strain concentrations that occur in the LCF region and
inhibic. crack nucleation which would result from early slip band
decohesion. Concerning propagation, Staley [58] has proposed a
mechanism for variable amplitude loading where the constituent
particles may improve the resistance to fatigue crack propaga-
vion. Cracks which nucleate at particle matrix interfaces from

a high stress intensity overload, divide the stress intensity
over many secondary crack sites and decrease the effective stress
intensity at the main crack tip. Application of this mechanism
to the constant load amplitude LCF region may also be applicable
as the stress intensity at the crack tip is also increasing duc
to the reduced cross section. However, the increcase in stress

intensity resulting from crack growth in constant load amplitude
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testing is significantly smaller than the increase resulting
from an overload. The initiation mechanism rather than the propa-
gation mechanism therefore is a more plausible explanation of

the LCF degradation in higher purity alloy.
1.2 2024

For the same reasons discussed concerning the improved notch HCF
fatigue response of 7075, the notch HCF fatigue improvement of
the P/M 2024 extrusion product is also thought to be a result of
improved fatigue crack initiation resistance. These factors
include reduction in microstrain concentrations via more homo-
geneous slip deformation and elimination of the large constitu-
ent particles. The ceduction in slip length, and therefore the
reduction in stress concentration by reducing the number of dis-
locations in a pileup, results from a smaller grain size. The
elimination of coarse particles through refinement of the
constituent phases results from the rapid solidification of the
powder. It is thought that the reduction in microstrain concen-
tration resulting from the reduction in average constituent par-
ticle size is the main factor leading to the improved fatigue

crack nucleation resistance of the normalized P/M fatigue data.

In addition to the above mentioned factors, i1ne degree of re-
crystallization and its influence on the fatigue behavior must
als. be considered for the 2024 extrusion products. As discussed
under processing section 2.1, the P/M extrusion product manufac-
tured with a 643 K extrusion-preheat has a partially recrystal-
lized microstructure after the solution heat treatment. Using
the point count method described by Hilliard [59]1, the amount of
recrystallization is estimated to be 2 %. The recrystallized
grains are predominantly small nuclei located next to the grain
boundaries. The P/M extrusion product manufactured with a 753 K
extrusion-preheat is unrecrystallized. The 643 K P/M product
also has a smaller grain size (L = 6.7 um) than the 753 K prod-
uct (L = 8.6 um).

In terms of fatigue strength, unrecrystallized structure as well

as nonshearable particles and grain boundaries increase fatigue
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crack nucleation resistance by promoting hoﬁogeneous deformation.
These three microstructure properties therefore must be to some
degree redundant in their ability to reduce slip length. For the
2024 alloy the findings of Liitjering et al. [60] show the inco-
herent manganese dispersoid particle (nonshearable) is essential
- to developing homogeneous slip and gcod fatigue behavior. Also
“ Litjering et al. [61] have shown that reduction in grain size is
effective in increasing the fatique crack nucleation resistance
for a 7XXX high strength aluminum alloy containing shearable
particles. The influence of grain size on crack initiation has
also been confirmed by others [62, 63]. Both the nonshearable
particle and grain boundary mechanisms are active in the P/M
products. The degree to which an unrecrystallized structure must
be relied upon to promote homogeneous slip deformation is there-
fore reduced. This dependence can be expected to be further
reduced as the grain and/or subgrain boundary spacing approaches

the mean intercept length between dispersoid particles.

The low amount of recrystallization found in the P/M extrusion
product manufactured with a 643 K extrusion-preheat is apparently
not sufficient to affect the deqree of homogeneous slip deforma-
tion. Apparently, the smaller grain size of this product was
sufficient to override any deleterious effects resulting from
the low degree of recrystallization and to vield an improved
notch HCF response in comparison to the P/M extrusion product
manufactured with a 753 K extrusion-preheat.

With regard to LCF degradation, the effect of purity (VPCP and
particle size) on the I/M and P/M extrusion products can be seen
in Figure 27. The higher purity P/M (alloy E) and I/M (alloy C)
extrusion products have a shorter LCF life than the commercial
purity I/M {alloys A and B) extrusion products. From the limited
LCF data for these high purity P/M (Figure 25) and I/M (Figure 26)
extrusion products, there appears to be no significant LCF behav-
ior differences. Thus LCF strengtnh appears to be dependent on
alloy chemistry and not manufacturing methods.
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2. Monotonic Properties

2.1 7075

The yield strengths of the I/M and P/M 25:1 extrusion products
investigated do not show a clear dependence on grain size over
the range investigated, even though the grain size of the P/M
product is a factor of 4 smaller. The yield strengths of these
products are summarized from Table 3 and presented below with the
various grain sizes for ccmparison.

7X75-T6510 0.2% YS _grain size
extrusion L QL
product (MPa] [um]

P/M 7075 627 7.5 5.0
I/M 7075 622 28.2 21.8
I/M 7475 €18 28.5 17.2

This result agrees with previously published studies where the
tensile properties of high strength aluminum alloys have been
shown to have a low dependence on grain size [51, 64].

Waldman et al. [51] have shown grain sizes from 15 to 112 um to
have only a minor effect on the yield strength of 7075-T6 plate
products. Their measurements were obtained from products with
as-recrystallized grains and as-recrystallized plus 40 % hot
rolled (800 K) microstructures. Liitjering et al. [61] have

found no dependence of yield strength on grain size for a X-7075
alloy (without Cr) for two grain sizes, 30 um and 220 um.

This low dependence of yield strength on the grain size in 7075
has been explained by the joint effect of the chromium dispersoid
and the partially coherent n' intermediate precipitate particles
[51]. These particles reduce slip length and promote homogeneous
slip within each grain, thereby r=ducing the influence of the
grain boundary. The X-7075 alloy examined by Liitjering et al.
[61] did not contain dispersoid particles, and was aged 24 h at
373 K to produce hardening by shearable, coherent GP zones.

Their material showed intense slip bands and yet did not show an




effect of grain size on yield strength. Thus absence of a grain

size-yield strength relationship is not dependent upon the homo-

geneity of deformation. Both Waldman et al. [51] and Liitjering

et al. [61] have reported increased fracture ductility with

decreasing grain size. Based on a TEM microstructure study of

s titanium alloys, Gysler and Liitjering [65] have also found that
slip deformation becomes more homogeneous as grain size de-
creases. Thus while decreasing the grain size has a small or no
effect on the yield strength, it can homogenize slip deformation
and improve the tensile fracture nroperties. Decreasing the
grain size reduces the slip length, thereby reducing stress
concentration and delaying crack nucleation. While the dispersoid
and hardening particles tend to mask the role of the grain
boundaries, the grain boundaries can be expected to play a more
significant role in homogenizing slip deformation as the grain

size approaches the order of magnitude of the dispersoid spacing.

Abson [66] has extrapolated the data of Waldman et al. [51]

based on a Hall-Petch relationship with a grain size exponent of
-1/2 to a grain size of one micron. His data would suggest yield
strengths between 480 and 525 MPa for the grain sizes produced

in the current investigation. Although this extrapolation shows
grain sizes on the order of 3 um or less would have a significant
effect on yield strength, it cannot account for the high yield
strengths found in the current investigation.

The strength properties for both the 25:1 I/M and P/M 7075-T6510
extrusion products, Table 3, show a 40 - 50 MPa increase over
published values for similar I/M extrusion products. Gurney et
al. [22] and Roberts [67] for extruded I/M 7075-T6 and Anderson
and Hurst [68] for extruded I/M 7075-T6 and T6510 did not find
yield strength improvements due to increasing extrusion ratios
beyond 580 MPa. Tests in the author's laboratory did not find
any consistent difference in strength between Té6 or T6510 treat-
ments; this finding is in agreement with published values |68].
Additionally, the strength properties for the 10:1 extrusion
products, Table 2, are higher than the maximum strength properties
reported by Gurney et al., Roberts,or Anderson and Hurst. Consc-
quently, the strength properties of the I/M and P/M extrusion
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products may represent an upper strength limit for optimum
processed 7075 extrusions, as discussed by Kaufman (16] for
property variations in commercial products.

One possible explanation for the enhanced strength properties of
the P/M and I/M extrusion proAucts is the effect of the substruc-
ture. If substructure strengthening is the responsible mechanism
for the additional improvement of the yield strength in the P/M
and I/M extrusion products investigated, then one would not ex-
pect to find any measurable difference in yield strength among
the P/M and I/M products since their subgrain sizes are very
similar, Table 10.

Jacobson et al. [69] have reported significant tensile and yield
strength improvements due to the effect of substructure in 7075-
T6 extrusion products (8.5:1 extrusion ratio). They found a

110 MPa difference in both yield and tensile strength based on
substructure and texture differences, when the degradation in
precipitation response caused by substructure is avoided through
a low temperature incubation period between the solution heat
treatment quench and the elevated temperature artificial aging
step [70, 71]. A similar 3 tc 5 day incubation period at room
temperature was also employed in the current investigation.
Therefore, when considered together with grain size and texture
strengthening, subgrain strenghtening may account for the high
leveis of ylield strength reported in Table 3.

2.2 2024

The 2024 P/M extrusion products exhibit a microstructure-strength
relationship. For the unrecrystallized, naturally aged extrusion
product, the strength increases as the controlling grain size
width parameter (QL) decreases below approximately 8 um. The P/M
extrusion products which exhibited this grain size dependence
contained a well defined, recovered substructure where individual
dislocations in the subgrain boundary could not be resolved by
the TEM. The substructure by itself does not provide the in-

crcased strength. Tensile specimens from unrecrystallized mate-
rial containina similar recovered substructure and a grain width
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of 12 um, have strength properties equivalent to the large grain,
recrystallized P/M and I/M products. The substructure of the

small grain size products, G| “ 8 um, may cnhance the dgrain size
effect, but for grain sizes larger than 8 um, the strength proper-
ties of microstructures with 50 % reccrystalliization or ygreater

are equivalent to those of unrecrystallized microstructures which

have a well defined substructure.

The strength properties of the large grain P/M products are
equivalent to those of the I/M extrusion product, even though
significant grain size differences exist. It follows that as the
mean free boundary to boundary distance increases, the degree to
which nonshearable manganese dispersoid particles become the
governing factor in determining the slip length, and thercfore

the strength parameters, also increases {60, 72]. For the recrystal-
lized P/M extrusion products, the mean free distance between
boundaries is two orders of magnitude greater than the mecan free
distonce between the dispersoid particles. Consequently, the re-
crystallized P/M extrusion products as well as the large grain,
recrystallized T1/M extrusion products do not show a strength-
grain size relationship. On the other hand as the mean frce spac-
ing between the grain boundaries approaches the dispersoid spac-
ing, even though still an order of magnitude larger, boundaries
exert an influence on the slip length and therefore on the

strength parameters.

The smallest grain size determined for the P/M products was
equivalent to the large dendritic cell spacing of the powder.
Thus providing independent evidence to the hypothesis reported
by Dean and Anderson [72] that dendritic cell spacing could pose

a lower limit to the attainable grain size.

Artificial aging affects the grain size-strength relationship.
The degree to which the grain size affects the strength proper-
ties is reduced as the hardening precipitate's resistance to
shearing increases. In the naturally aged condition shearing

of the GP zones leads to inhomogeneous, planar siip. In this
case the boundaries and dispersoid particles interact with dis-

locations to limit the planar slip length. The semi-coherent
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artificial age hardening precipitate, S', has a greater resist-
ance to shear than the GP zones. Consequently, the degree to
which deformation takes place by particle looping increases as
the degree of artificial aging incrcases. The looping of precipi-
tate particles results in a more homogeneous slip deformation.
The degree to which the material's yield strength is dependent
upon grain size is thereby reduced as ~Artificial aging decreases
the role of the boundaries in determiring the slip length.
Consequently, the effectiveness of the strength-grain size
dependence found in the naturally aged (T3X and T4) productes 1s
reduced for the artificially aged (T6 and T8X) 2024 extrusion
products. Figure 24 and Tables 13 - 16 exhibit inis relationship
for the P/M extrusion products fabricated with 643 K and 753 K

extrusion~-preheat temperatures,

In addition to the reduction of the influence of grailn size on
yield strength caused by the precipitate morphology change,
artificial aging of the fine grain P/M products causes an overall
reduction in the strength properties compared to those in the
naturally aged condition. Taken together, the artificially aged
P/M extrusion products shown in Fiqi .2 24 have lower strength
values than the P/M extrusion products in the naturally aged
condition and the I/M extrusion product in the artificially

aged condition. This strength reduction results from a reduction
in the volume fraction of strengthening precipitates as solute
diffuses to the grain and subgrain boundaries. At these bound-
aries the nonhomogeneous solute concentration results in the
formation of nonhardening grain/subgrain boundary precipitates,
a precipitate free zone (PFZ), as well as a region between the
PFZ and fully hardened matrix which has a possibkble different
precinitate density, size, and chemistry. Based on solute diffu-
sion rates, the maximum calculated width across the grain bound-
ary of a region of possible solute reduction is 1 um. Transmis-
sion microscopy reveals that both the 2024-T851 P/M and I/M
products have grain boundary precipitates and a PFZ width of
approximately 0.2 um. The subgrain boundaries of the artificially
aged P/M products also affect the precipitate structure. Depend-
ing on the orientation difference across the subgrain boundary,

either coarse 8' precipitates, which grew into the interior of
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each subgrain occur, or boundary precipitates in the middle of

a PFZ form. Not all subgrain boundaries have a PFZ; for those
boundaries which have a PF7%, the width veries up to 0.2 um. No
direct evidence was observed of a region of different precipitate
size or density between the PI? and fully hardened matrix,
although some small region most exist. Therefore, the strength
reduction predominantly results from the reduction of the volume
fraction of strengthening precipitates in a region approximately

as wide as the PFZ.

The reduced precipitate volume fraction could be predicted to
show an important effect on the macroscopic yield strength only
when the grain boundary surface area per unit volume becomes

very large. Using the quantitative metallographic techniques
discussed by Underwood and Starke [42] the grain boundary surface
area of the P/M extrusion products is 30 times larger than the
grain boundary surface area of the I/M extrusion product. Since
the PFZ width is approximately 0.2 um for the 2024-T851 P/M and
I/M alloys, the volume of the PFZ in the P/M products is approxi-
mately 30 times larger than that in the I/M products. When the
product's strength is derived by the law of mixtures from the
strength of the PFZ and the precipitation hardened matrix, the
degree to which this PFZ volume change affects the strength
properties may be visualized. If the strength of the PFZ is

taken as the yield strength of the material in the annealed
condition (103 MPa), and the strength of the precipitation
hardened matrix is assumed as the average yield strength of I/M
products from Table 16 (462 MPa), the calculated P/M product's
yield strength would be 430 MPa. This value compares favorably
with the average 437 MPa yield strength for the P/M extrusion
products in the T851 condition, Table 16. Disregarding the effect
of grain size strengthening in the artificially aged condition,
this approximation provides an explanation as to why it is
necessary to thermal mechanically treat the P/M products in order
10 obtain the same yield strength in P/M and I/M extrusion

products.

The difference in the stress-strain behavior between the 2024-
T851 1/M and P/M extrusion products provides additional evidence
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that the increase in PFZ volume is responsible for the reduction
in strength, The initiation of microplasticity occurs hetween

v 30% and 3712 MPa for the I/M products and between 215 and 255 MPa
for the P/M products. The consistent early departure from pro-
portional stress-strain behavior for the P/M products therefore
provides strong evidence that microplasticity end strain harden-
ing=is occurring in the PFZ.

The strengthening mechanism in the artificially aged extrusion
products is therefore not an additive effect of grain size and
precipitation hardening as was the case for natural aging,
Figure 24.
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CONCILUSIONS

1. Uniaxial vacuum hot-compaction of prealloyed, air atomized
7075 aluminum alloy powder can provide strength properties
equivalent to I/M 7075 products with acceptable ductility.
These vacuum hot compacted products did not show any porosity
and exhibit improved notch fatigue behavior compared to
I/M 7075.

2. The constituent phase particles in P/M 7075 are refined
compared to the size and distribution of the particles in
I/M 7075. The volume percent of the constituent particles in
the P/M product is slightly lower than the corresponding I/M
product with the same chemistry. Rapid solidification during
atomization does not suppress the formation of constituent
particles in the final P/M product which was subjected to
standard, short time low temperature, and short time high
temperature homogenization treatments. A significant amount
of the constituent phases in the P/M products is soluble.
The volums percent of the constituent phase can be signifi-
cantly reduced in 7075 P/M products by high temperature
homogenization.

3. The grain size of the 7075 P/M extrusion product manufactured
from 88 um APD powder is an order of magnitude smaller than
the grain size of commercial I/M 7075 extrusions. Special
processing of I/M 7075 extrusion products yields grain
sizes which are 4 to 5 times larger than the grain size of
P/M produacts, but whose strength properties are equivalent
to the high strength P/M extrusion product.

4. Extrusion ratios on the order of 10:1 or greater are
required to impart good transverse ductility to the 7075
P/M extrusion products,although good longitudinal and trans-
verse strength properties and longitudinal ductility
properties are developed for 5.54:1 extrusion ratios.
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No significant difference in the longitudinal strength
properties betweern 7075 P/M and specially processed I/M
extrusion products are developed, although the strength

anisotropy in the P/M extrusion products is significantly
less than in the respective I/M product.

The notch fatigue behavior i: a laboratory environment of
the 7075 P/M extrusion products is significantly improved in
comparison to that of the 7075 I/M product. Characterization
of the P/M 7075 microstructure indicates that this improve-
ment results from favorable alteration of microstructure

parameters which are known to affect the fatigue crack
nucleation resistance.

Similar to the results of P/M 7075, the mech&anical properties
of vacuum hot compacted 2024 aluminum alloy powder are

equivalent to typical I/M 2024 mechanical properties.

The volume percent of the constituent phase in the P/M 2024
extrusion product is reduced compared to that of the I/M 2024
extrusion product. Unlike the response to variations in the
homogenization treatmen* found for the P/M 7075, the VPCP of
the P/M 2024 can not be significantly reduced by high
temperature homogenization treatments. Short time homogeni-
zation of the P/M 2024 products is insufficient to reduce the
VPCP level to typical values for I/M 2024 products.

Variation of the initial powder size produces slight
variations in the 2024 P/M extrusion product's grain size.
P/M products made from powder whose APD was varied over the
range 36 um to 117 um did not show any significant mechan.ical

property effect for P/M products in the naturally aged
condition.

10. The extrusion-preheat temperature affects the grain size and

significantly affects the strength and notch S-N fatigue
properties of the 2024 P/M extrusion products. An extrusion-
preheat temperature of 643 K was found to yield the smallest
grain size and the best mechanical properties.
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11. The 2024 aluminum alloy when hardened by coherent G.P. zones

12.

13.

shows a strength ~ grain size correlation. A wcaker correlation
exists in the artificially aged condition where hardening is

the result of partially coherent S'precipitates.

In the naturally aged condition the P/M 2024 extrusion pro-
ducts show a combined grain size and G.P.zonc hardeningeffect.
The P/M product in the naturally aged condition therefore
exhibits a significant improvement in strength without any
~oss of ductility in comparison to I/M 2024 products. In

the artificially aged condition the fine grain 2024 P/M
extrusion products exhibit a slightly lower strength than
that of the 2024 I/M extrusion products.

The aotch S-N fatigue behavior in a laboratory air environ-
ment of the naturally aged 2024 P/M cxtrusion products is
significantly improved in comparison to tha: of naturally
aged 2024 I/M extrusion products. The grcatest portion of
this improvement results from the strength increase.
Characterization of the microstructure indicates that the
additional improvement results from favorable alteration of
microstructure parameters which are known to affect fatigue

crack initiation resistance-.
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Appendix A

Solution Heat Treatment Study for P/M 7075

As a supplementary mechanical property investigation, the effect
of solution heat treatment temperature on the strength and duc-
tility (longitudinal and transverse) of extrusion products was
investigated. The aim of this investigation was to determine if
an evacuation-prehecat temperature higher than the 743 K solution
heat treatment temperature would adversely affect mechanical
properties; incipient melting of nonequilibrium pnases was the

main concern [23].

The results of this investigation, Table 6, show that from a
strength and ductility standpoint, no general detrimental duc-
tility effects or significantly enhanced strengthening response
can be obtained by this treatment. For tensile specimens from
the longitudinal direction, there is a slight reduction in duc-
tility and a slight increase in yield strength as the solution
heat treatment temperature increcases. This ductility reduction,
which should not present problems as significant ductility
remains, is probably the result of the grain structure coarsen-
ing due to the long elevated temperuture exposure. For tensile
specimens from the critical transverse direction which were
solution heat trecated at 793 K, the yield stress shows a 5.4 %

decrease while the ductility parameters show a slight increase.

Metallographically these property changes correlate with: a
coarsening of the hot-worked grain morphology (mean subgrain
intercept length increased from P =2.11m to ¢ = 3.8 um), a
significant reduction in the volume percent coarse intermetallic
particles (VPCP decreased from 2.3 vol.% to 1.7 vol.%), as well
as no evidence of incipient melting in the grain boundaries as

observed by optical metallography up to 1000 x.

Therefore, outgassing of the powder compacts at 793 K offers the
potential for extruded products with improved fracture toughness
due to VPCP reduction without significantly affecting the sub-
sequently extruded P/M product's ductility.
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With regard to the chromium E~-phase dispersoid, no detrimental
effect on static or dynamic properties [19, 24, 25| should occur
, as excessive coarsening of the dispersoid phase does not take

’ place. A TEM examination of a 7075 P/M extrusion product which
was solutionized at 788 K for 65 h did reveal possible coarsen-
ing; however, the maximum size of the dispersoid particles
observed (0.3 um) was within the normal size range reported for
the particles (0.5 - 0.05 um). Haarr [26] reports that prcheat-
ing 7075 powder at 805 K and above, noticeably coarsens the
chromium dispersoid. He also reported that after 12 h at 755 K

coarsening had appeared.
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FUTURE RESEARCH EFFORT

effect of short time preheat-treatment on P/M 7075 when
evacuated to control hydrogen partial pressure, also evaluation

of same but employing a 793 K evacuation temperature

notch (Kt = 3) and smooth fatigue of 2024 P/M alloy E and
I/M alloy C extrusions at equivalent yield strengths (T8 temper)

3. smooth fatique response of 7075-T6510 alloys H and L (if da/dn

p:
F:

results don't show significant differences)

N

FCG studies of 10:1 extrusions and unidirectional hot pressed
specimens: 2024 P/M alloy E, T-351,and T-854 for comparison

3 : with alloy C at an equivalent yield stress level in T-852 tem-
F ver; 7075-T6510 P/M alloy L and I/M alloys H and M, as weil as
h hct pressed alloy L (T6) [tests in progress].

: p 5. further characterization of micrcstructure (optical, TEM, SEM)

6. texture investigation of extrusions and hot pressed products
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(a)
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I/M

Back~reflection pinhole X-ray patterns for 7075 (a)

Figure 8
and (b) P/M 25:1 extrusion products with 643 K extrusion-

preheat. Diffraction pattern of (422).
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(c)

Figure 9

Optical micrographs under polarized light of solution
heat treatad, lightly polished and unetched surface of:
(a) vacuum hot-pressed 88 um APD 7075 powder (also
representative of hot isostatic pressed suirface from the
same powder )}, (b) 25:1 P/M 7075-T651 extrusion,

(c) 25:1 I/M 7075-T651 extrusion (alloy Hj.
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Figure 10 Optical micrographs of .ightly polished and unetched
surfaces shown in Figure 9,under unpolarized light:
(a) vacuum hot-pressed 7075 powder, (b) 25:1 P/M
7075-T651 extrusion, (c¢) 25:1 I/M 7075-T651 extrusion
(alloy H).
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Figure 11 Representative optical micrographs of lightly etched
7X75 aluminum alloy 10:1 extrusions. (a) 7075 P/M alloy L
[homogenization Treatment Al, (b) 7075 I/M alloy H
[homogenization Treatment A], (c¢) 7075 P/M alloy L
[short time homogenization Treatment B], (d) 7075 P/M
alloy L [high temperature homogenization Treatment C],
and (e) 7475 I/M alloy M [commercially processed] .
Homogenization treatments and VPCP are given in Table 7.
Etchant: 27 ml HF (40 #) - 5 ml H,S0, - 92.5 ml H,O0 at
RT for 4 seconds.
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Figure 13

Representative optical micrographs of 7075-T6510 P/M
25:1 Direct ExXtrusions, with 643 K extrusion-preheat,
parallel to extrusion direction.

(a) grain structure: Barker's etchant
(b) " " : 10 ml HF-5 ml HNO
(diluted)
(c) substructure : 0.5 ml HF (conc)-15.5 ml HNO,-

3
84 ml H20—3 g CrO

3—90 ml H20
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Transmission electron micrographs of an as-—extruded
7075 I/M 25:1 extrusion produced with a 643 K
extrusion-preheat. TEM specimens were taken parallel

to the extrusion direction.
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Figure 17 Transmission electron micrographs of an as-extruded
7075 P/M 25:1 extrusion produced with a 643 K

extrusion-preheat. TEM specimens were taken parallel
to the extrusion direction.
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Figure 20 Scanning electron fractographs of a tensile fracture
surface. The tensile specimen was machined from che
transverse direction of a 10:1 P/M 7075-7T5 extrusion
produced with a 643 K extrusion-preheat. The frac-
ture surface was 60° to the transverse direction
(specimen axis). Fractograph (b) is a higher mag- :
nification of the center of (a). The dimple spacing
on the flat fracture surface in the middle of (c)
is approximately 1 um.
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Figure 21 Scanning electron fractographs of a tensile fracture

surface. The tensile specimen was machined from the
transverse direction of a 10:1 I/M 7075-T6 extrusion
produced with a 643 K extrusion-preheat. The frac-
ture surface was 35° to the transverse direction
(specimen axis). Fractograph (b) is a higher mag-
nification of the upper right corner of (a), and

(c) is a higher magnification of the center of (b).
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Figure 22 Scanning electron fractographs of a tensile fracture o
surface. The tensile specimen was machined from the
transverse direction of a 5.54:1 P/M 7075-T6 extru-
sion produced with a 643 K <xtrusion-preheat. The
fracture surface was 90° to the transverse direction
(specimen axis). Fractograph (d) is a higher mag-
nification of the cracked particle shown on the
right side of (c).
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Representative optical micrographs of the grain struct-
ure of 2024-T3510 I/M 25:1 direct extrusions etched with
10 ml HF - 5 ml HNO, - 90 ml H,0 : (a) alloy A (commer-
cial product) paralfel and perpendicular to the

extrusion direction, also typical of alloy B (b) control

alloy C (643 K extrusion-preheat) parallel to the
extrusion direction.
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@ Figure 33 Representative optical micrograph of the grain
i structure ot a 2024-T3510 P/M 26.1:1 direct extrusion,
5 perpendicular to the extrusion direction in the web
section of the extruded channel (depth: 40 mm x
width: 25 mm x thickness: web 2 mm, flange 2.5 mm).

etchant: 10 ml HF - 5 ml HNO3 - 90 ml HZO' T
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Figure 34 Representative optical micrographs of the grain ;
structure of 2024-T23510 P/M 25:1 direct extrusions, o0
with a 643 K extrusion-preheat, paraliel to extrusion ‘
direction.

(a) Barker's etchant, (b) electrolytically polished,
and etched with 10 mi HF - 5 ml HNO3 - 90 ml H20
(diluted).
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i Alloy VPSP NTS/YS Extrusion - Property !
5 Ratio Direction
: [¢]

P/M 7075-T6510 2.77 1.25
I/M 7075-T6510 2.4 1.30 25:1 longitudinal
I/M 7475-T6510 0.4 1.34

BRI R S S

-
AT TR St P T N R A £ it R bR ek

P/M 7075-T6 2.77 1.14

I/M 7075-T6 2.4 1.42 10:1 transverse
I/M 7475-76 0.4 1.53

ST et

P/M 7075-T6 2,77 1.34

I/M 7075-T6 2.4 1.33 10:1 longitudinal
I/M 7475-T6 0.4 1.38

SREE

P
e

?ﬁ’

Table 9: Influence of relative amount of volume percent second |
phase (VPSP) on fracture toughness, as measured by
notch tensile strength to yield strength ratio (NTS/YS)
for various 7X75 aluminum alloy extrusion products.
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82
investigated for this report. Chemical

Characterization of 2024 alloy powders
analysis

Alloy
D
E
F
G*
*separated by screening from alloy E at 0.063 um.
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