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; Aluminum-based P/M hand forgings and extrusions in two

4 T Al-Zn-Mg-Cu alloys have been studied to evaluate the effects
2 AE of powder processing variations on forging quality and

E, properties and extrusion properties. High quality hand

i - forgings with high strength and ductility have been produced
5 directly from hot pressed aluminum powder compacts without

i : an intermediate extrusion operation.,

e 7/

Among the MA58 forgings, 87 volume % of the forgings met
or exceeded SNT Class "A" quality standards, while 71 volume
% of the MA39 met or exceedéd SNT Class "A" standards.

¥

3 P/M MAS58 and MA39 alloy forgings achieved strength,

3 i ductility and longitudinal toughness comparable to 7075-T6
x - hand forgings. These P/M forgings were resistant to stress

corrosion cracking and exfoliation corrosion in accelerated
= tests of samples from 2" square hand forgings.

3 ¥ Whiié nelther cold compacting method nor green density !
g | affected forging properties, preheat time and temperature ;
e and' hot coin pressure had significant effects on forging i
55 - properties or quality. Increasing preheat time was detrimental ;

i in both MA58 and MA39, in the latter case due to Ostwald :

B - ripening of Co,Al,s constituent. Inéreasing preheat temperature :

i . promotes more thorough compact degassing. Raising the hot ‘

b compactling pressure .decreased cracking during forging and
. netted Increased properties.

1 The processing conditlons leading to maximized hand

forging properties are:

— Cold press to at least 70% green densitx,

i Preheat 1 hour at 1,000 F in dry argon

d J Hot press at 90 ksi:

A KForge at a temperature appropriateé for the specific alloy.,
; JForge by any standard hand forging press technique with

B as much total reduction as possible. (¢ &

For preparing éxtrusion billets, either uniaxial or isostatic

RO e O S A M

o . cold compacting can be used in generating extrusions with com-
A ° parable properties.
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PHASE I - P/M PROCESS OPTIMIZATION

INTRODUCTION

Of the commercial high-strength aluminum alloys currently
available, alloy 7075 and variants of 7075 have the bes®t com-
binations of strength, stress-corrosion cracking resistance,
fracture toughness and ductility. Variations in desirable
combinations of properties can be obtained, but generally at
ultimate strengths of 75,000 psi or less.

An earlier Alcoa Research Laboratories (ARL) investigation
for the U.S. Krmy(l’2’3) developed powder metallurgy alloys
having combinations of high strength (>7075-T6) and resistance
to stress-corrosion cracking which are unobtainable with

conventional aluminum products. Further, that same investi-

gation developed a P/M process for fabricating mill products
(i.e. extrusions) which have higher ultrasonic quality than
conventional mill products.

The emphasis in that investigation was on extrusions
because that process had a higher chance of success in
fabricating compacts than other fabricating processes, e.g.
rolling, forging, and impacting. The plate, sheet, and impacts
were made mostly from extruded stock. For large plate and
forgings, it is necessary to eliminate the intermediate
extrusion; for this reason, Phase I of this investigation was
undertaken to optimize the processing conditions for producing

forgings from compacts without an intermediate extrusion operation.
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The results of Phase I will form the basis for the scale-up l
in size which is a part of Phase III.

The vehicles for Phase I are two high strength Al-Zn-Mg-Cu
alloys, one with, and the other without, sizable additions of {

anéillary elements. One is MA39 which has demonstrated good

combinations of strength and resistance to stress corrosion

cracking in earlier work at Alcoa and in the earlier Army

o —

[P

contract. The second alloy, MA58, is a powder metallurgy

version of X7050, one of the most promising of the new alloys

o

when fabricated from ingot. Before registration with the

Aluminum Association, X7050 was designated MA15. MA58 differs

¥ ]
[

from X7050 in that the former contains oxygen.

1

Variables included in this program are:

Alloy
Cold Compacting Method [}
20ld Compact (green) Density
Preheat Time o
Preheat Temperature f
Hot Compacting Pressure
Forging Temperature .
Forging Procedure i

Améunt of Hot Reduction L
Several small investigations were added to this phase to- [i‘
develop other processing information of interést for the con-
current Phase II investigation and for the planned Phase III 7

scale-up. These investigations included:

-

1. Determine if cold compacting»method affects
extrusion properties.

2. Determine a technique for-detecting melting L]
in P/M materials (Reported in Appeéndix I).

3. Fabricate M16 Receiver forgings from Phase I. ;‘
alloys (Reported in Appendix II). L
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- OBJECTIVES
) éfgggihe‘the processing conditions for optimum
forgeability and properties.

.2} Determine the minimum cold compact density and
minimum hot compacting pressure that will yield acceptable
forgeability and propertiesith

ngi
PROCEDURE

1. Optimum Process for Forgings

Forgings -were made by a process con;isting of atomizing,
cold compacting, preheating, hot pressing (or coining), hand
forging, solution heat treating, quenching, and aging. The
processing conditions are discussed in connection with the

variables being evaluated.

A. Powder Prgparation

The alloys shown in Table 1 were prepared by melting
and alloying to net approximately 1,500 pounds of the desired
alloy. Following a check of melt analysis and minor chemistry
adjustments, each alloy was atomized to yield powders having
the sc¢réen analyses shown in Table 2. After scalping through
a No. 50 (U.S. Standard) séreen, two 500 pound batches of
each alloy powder were split and subsequently blended in 100

pound batches in a vee-blender for 30 minutes.

B.. Celd Compacting

Using a 1,500 ton vertical press, the powders were

cold compacted uniaxially in a steel die with butyl siearate
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for a die wall lubricant (Figure 1). Cold compact densities
of 70% and 807% of theoretical density were obtained by cold
pressing the equivalent of 160 cubic inches of metal as powder
(16.32 and 16.44 pounds fov MA58 and MA39, respectively) into
tapered volumss of 229 or 199.5 cubic inches, respecfively.
The resultant compacts were approximately 6" diameter x 8"
or 7" long for 70% of 80% cold density, respectively. To
supplement the information generated with uniaxial cold
compacting, samples K1, K5, K7, K8, K9, and K10 listed in
Table 3 plus other compacts listed in Table 4 were cold
pressed by isostatic cold pressing using a wet bag process.A
Isostatic compact greén density wes calculated from

powder charge weights and compact dimensions as determined

with calibers and a rule having 1/64" éraduations. Uniaxial

compact green densities were calculated fromtcompéct dimensions
and powder charge weight.

Powder cold compacting pressure vs compact density for
uniaxial and isostatic compacting of MA58 and MA39 alloys is

summarized in Table 4. 1In Figure 2, uniaxial (mechanicéal

compacting in a tapered,die) compacting is compared to isostatic
for the two alloys, for nominally 6" diameter compacts. Préssure
attenuation from the ram surface through the compact and die wall

friction In uniaxial pressing result in the leéss efficient use of

applied pressure than with isostatic pressing.
The effect of natural aging time (after atomizing) on the

pressure versus cold compact density relationships for MA58
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and MA39 is shown in Figures 3 and U, respectively. The
shift in pressure versus density is probably the result of
the powder becoming stronger and more resistant to deformation
(by natural aging) with increased time after atomizing.

The effect of compact diameter on cold compact density
for isostatic pressing is shown in Figures 5 and 6, including
information on 11" diameter cold compacts(7). Increasing
¢ompact diameter appears to lower green density slightly for
compacts pressed at the same pressure. However, the differences
in compact density relative to compact size are small and might

be overshadowed by the effect of powder natural aging (e.g.

Figures 3 and 4).

C. Preheating

The compacts were preheated in a sealed muffle furnace,
the muffle having a volume of 38 ¢u. ft. The atmosphere was
argon flowing at 300 CFH from a tank of liquid argon. Preheat
times were nominally 1, 5, and 20 hours, and temperatures
were 900, 950, and 1,000 F.

To determine the effect of repeated door openings on the
preheating atmosphere, analyses of furnace exit gas shown in
Table 5 were determined. After 4.5 hours at 950 F without door
openings with 6 compacts in the furnace, oxygen was at a low
level and N, was the principle contaminant in the argon atmos-
phere. Opening the furnace door diluted the argon to approxi-
mately 50%, with air (of 80% N2, 20% 02) making up the balance

of the furnace gas. After closing %he door, the nitrogen and

TR MR Lum-v,a{i
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oxygen were diluted by argon, but the proportion of N2 to

02 increased. This suggests some oxygen consumption in the
furnace, by the powder compacts or the furnace muffle (stainless
steel). No evidence of appreciable compact oxidation due to
door openings has been observed (see section IB 3., Results

and Discussion).

D. Hot Compacting

Immediately upon compietion of preheating, the compacts
were hot pressed in a 700 F die (Figure 7) at 30, 60, and 90 ksi,
the pressure Heing held for one minute. There were ejected from

the die and air cooled.

S. Scalping

The compacts were scaiped to cylinders 6.1" diameter x
4,8" long by removing approximately 0.1-0.2" from the radius and
0.2" from the length.

Densities of selected scalped compacts were measured by the
weight in air - weight in water method. No billet density
differences were observed for variations in hot compact pressure,
preheat temperature or green density (see Table 6 and 7). As
little as 30 ksl hot compact pressurc after a billet preheat at
900 F was sufflcient to raise the blllet to 100% of theoretical

density.

F., Forging

The P/M billets were reheated and forged on a 3,000 ton

hydraulic press at Alcoa's Cleveland Works. Heated (360~700 F)

[,
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coggling dies were used with a 3" edge radius and no lubricant
(dies occasionally salted to control metal sticking). The
forging procedures used are listed in Tables 3, 8, 9, and 10,
and illustrated in Figures 8 to 11. The forgings listed in
Table 8 explored metal working temperatures from 540 F to
750 F. From the visual gquality of the resultant 2" x 2" x 30"
forgings, metal working temperatures of 600 and 700 F were
chosen for MA58 and MA39, respectively. These metal temperatures
were used in all subsequent forging. Various working methods
and amounts of.reduction were used on the forgings listec in
Table 9 to determine the effect of these parameters on the
properties of P/M forgings. The forging methods used on the
specific "B" forgings as well as the final forging sizes are
listed in Table 9.

The remaining forgings in Tables 3 and 10 were worked by
drawing (Figure 8) in the billet pressing direction to 2" x 2"

x 30" long.

G. PForging Inspection

In preparation for the visual inspection of the forgings,
each was subjected to a sodium hydroxide-nitric acid etch
sequence to aid crack detection. The forgings were then visually
inspected for number and severity of obvious end, corner and face
cracks.

Ultrasonic inspection was corducted to determine the extent

of end and face cracking and to rate the qualiiy of the uncracked
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portion of each forging relative to SNT Class "A" Standards.

In the uncracked portion of cach forging, the inspection

noted ultrasonic noise and the location and size of isolated
discontinuities. The ultrasonic test was conducted using a

10 MHz, 3/4" diameter lithium sulfate search unit and
standardizing for a 2.0" trace-tc-peak indication from the
3-0075 (No. 3) reference block (3/6U" diameter flat bottomed
hole at a metal distance of 3/4"). A Sperry UM721 Reflectoscope
was used for the test. Each hand forging was inspected by send-
ing the ultrasonic waves through two orthogonal directions. The
volume of metal meeting SNT Class "A" Standards was computed and

recorded as "percent metal recovery."

H. Heat Treatment, Sampling

The forgings listed in Tables 3, 8, and 10 were heat
treated as 2-inch square hand forgings. The MA58 and MA39
alloy forgings were solution heat treated at 890 F and 920 F,
respectively, for 2 hours and cold water quenched. These
temperatures were selected from other investigations on X7050(u)
and MA39 (Appendix I). After 7 days natural aging, the forgings
were artificially aged by heating at 100 F/hour to 250 F, then
holding 24 hours -at 250 F. The MA58 and MA39 forgings were
further aged 8 and 16 hours, respectively, at 330 F by heating
from room temperature to 330 F at 100 F/hour, holding for the
times shown. Tensile and notched tensile specimens were taken

as shown in Figure 12.
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The forgings listed in Table 9 were sampled initially by

W
-

cutting one-inch thick slices from each 3.25-inch square,

ﬁ:—-awz
OSSN

2.0-1inch square, or 1l.25-inch square forging, as shown in

Figures 13, 14 and 15. These one-inch thick slices of MA58

lm!

and MA39 alloy forgings were solution heat treated at 890 F
and 920 F, respectively, held 2 hours and cold water quenched.

After 6-7 days natural age, these slices were artificially

aged by heating at 100 F/hour to 250 F, holding 24 hours at
250 F. The MA58 and MA39 samples were further aged by heating

Ea—

at 100 F/hour from room temperature to 330 F and held 8 and

16 hours, respectively, at 330 F. Tensile and notched tensile

E"mm:

specimens were taken from the one-inch thick slices as shown
in Figures 13, 14 and 15.

Exfoliation and transverse stress corrosion samples were
taken at locations shown in Figure 16 for the forgings listed
. in Table 11. These forgings represent the optimum processing
conditions from considerations of forging quality, tensile and
notched tensile properties. The exfoliation test on panels

shown in Figure 16 was a Modified ASTM Acetic Acid-Salt Inter-

mittent Spray at 120 F(5). The transverse tensile bars for

stress corrosion cracking test were stressed at 42 or 25 ksi

gw!

and exposed to a 3-1/2% NaCl solution by alternate immersion

for 84 days(6).

!M!

The response of MA58 and MA39 to second step aging was

determined on the forgings listed in Table 12 by re-heat §

[ ZXEE ]

treating 2" square x 8" long forging sections, cold water
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quenching, natural aging 6 days, and artificial aging 24 hours

at 250 F plus 2, U4, or 8 hours at 330 F (as shown in Table 12).
The oxygen content of selected 2" square forgings that

represent various preheat conditions was determined by neutron

activation analysis. These forgings are listed in Table 13.

I. Data Analysis

Initial assessment of the effect of processing variables
on mechanical properties was accomplished by averaging properties
of comparable forgings under each value of a primary processing

variable. An'éxample of this comparison is shown for the effect

of green density on properties (Table 1, Appendix III). Thése
data compilations are shown in Appendix III for comparisons
of the effects of green density, preheat temperature, preheat
time, and hot compacting pressure on tensile properties of
P/M hand forgings.

The statistical data analysis for primary variable com-
parisons consisted of determining averages and I (deviations)?
for each primary variable and testing for significance of dif-
ferences between primary variables with a "Students' t test."
A probability of 95+% for a single~tailed test was considered
a significant difference if the samples were considered
representative. These analyses are shown in Tables 1 to 18,
Appendix ITI.

An analysis of varilance to determine the possible inter-
actions among processing variables was conducted on Tables 41,

4yo, 44, 45, 47, 48, 50, 51, 53, 54, 56, and 57 using an "F"

J—
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1

test to determine the significance of trends and possible

[ [——
[ S

. interactions. A 95+% probability was considered to be a

RPN
"M!
[ e

significant variance by this analysis.

-

p
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II. Effect of Cold Compacting Method on Properties
of Extrusions

Rosmnase }

SV o o s v

A. Extrusion Preparation

The alloys shown in Table 14 were prepared by melting

RS 1
=M!

and alloying to net approximately 150 pounds of MA39 and 300

Mo —
SXRARIG 1yl b LA

i

pounds of MA58. After a check analysis and minor chemistry

3 adjustments, the MA39 was atomized to yield fine powder having

3
Fm:

the screen analysis shown in Table 15. The MA58 was atomized

using two conditions to yield tine and coarse powders, as shown

c
Bomisesiansn ¥
et

T
R g

in Table 15. The chemical analyses of the MA58 extrusions in

T
. LR

Table 14 show that two sizes of powder can be produced from the

| ot |

E same melt with only minor variations in alloy chemistry.

!M!

After scalping through a No. 100 (U.S. Standard) screen

oA ST

< z (MA39 and MA58 fine powder) or No. 25 screen (MA58 coarse powder),
»&
the powder was compacted to 75% of theoretical density by

uniaxial and isostatic compacting methods. The resultant compacts

!m'

Rt S ey

were approximately 6" diaméter x 8" long. The compacts were

B3
;'ml

preheated in dry flowing argon for 4.5 to 5.5 hours at 950 F.

Iimediately following preheat, the compacts were hot pressed to

,
Bocormants §
i

- ) 100% density in a heated (700 F) 6-3/8" diameter extrusion

cylinder by pressing against a blind die at 90 ksi pressure and

o
B oy s

then extruded (direct) into the section illustrated in Figure 17.
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B. Heat Treatment, Sampling {

Sections of extrusions were heat treated in a dry air

PEATE S

atmosphere, for 2 hours at 890 F (MA58) or 920 F (MA39) and
quenched in cold water (200 F/sec. in the temperature range
750-550 F). After 7 days natural aging the extrusions were
artificially aged 24 hours at 250 F plus 8 hours at 330 F (MA58)
6r 16 hours at 330 F (MA39). Heat-up rates of 100 F/hour were

] ] Py

used for all aging treatments.

Longitudinal and transverse tensile and notched tensile »

specimens for -comparison of uniaxial and isostatic compacting

methods were machined from the extrusion as shown in the sampling

layout in Figure 17. {:

RESULTS AND DISCUSSION

o st

I. Optimum Process for Forgings

M

A. General Comments on Quality and Properties

The initial assessment of forging quality was made on ‘ ,
the basis of.visually detected cracks on the ends, corners and -

faces of the hand forgings to allow selection of forging )

temperature and forging procedure for subsequent fabrication.

ey

Since ultrasonic inspection and mechanical properties provide

a more thorough judgment of metal quality, the quality rating

[

discussion that follows 1s based principally on the results of

ultrasonic inspection and mechanical properties of forgings.

P

It should be noted that the results of the visual inspections

=
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either follow the trends indicated by ultrasonic quality and

properties, or show no trend as a function of a processing
variable.

The volumes of the P/M billets and the volume of the
unsound portion of each forging are presented in Tables 16
and 17. The percent sound material in each forging is
summarized in Tables 17 and 18 for all forgings prepared.

The longitudinal and transverse tensile and notched
tensile properties of P/M MA58 and MA39 forgings are listed
in Tables 19 and 20, respectively. The processing conditions
that describe each forging are shown in Tables 3, 8, 9, and 10.

A number of general observations can be made in examining
the forging quality data to be discussed in following sections.
Metal recovery and ultrasonic quality were quite high.

Averaging over all the P/M hand forgings, 82% of the
forgings (by volumg) passed SNT Class A quality standards. This
compares with 73% over all metal recovery for 2" diameter
extrusions prepared from P/M billets in Phase II of this program.

The portions of the forgings that showed evidence of
cracking were generally associated with ends of the compacts,
particularly the end of the compact opposite the ram that
experienced little metal movement in hot pressing. In addition
to scalping the billet more severely, it might be possible to
eliminate this problem by artificially moving the metal during

the hot pressing, as one might by pressing against a shaped

rather than a flat blind die.
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After eliminating the obvious cracked portions of each
forging, 98% by number (93 out of 95) of the forgings met or
exceeded the ultrasonic inspection standards for SNT Class "A"
metal quality.

The average ultrasonic noise level noted in the uncracked
portions of all the P/M forgings was at a low level relative
to the level commonly found in forgings from commercial ingot.
The noise ranged from 5 to 12% of the response of a No. 3
reference standard. Because of the low level of noise
observed, values for each forging are not reported here.

The generally high quality level makes the effects of pro-
cessing variables on forging quality somewhat unclear, as may
be seen in the following discussion.

B. Effects of Process Variables on Quality
and Properties

1. Effect of Alloy on Forging Quality
and Properties

By nearly every measure of forging quality, MA58
alloy forgings were superior to forgings of MA39 alloy. Summing
over all powder processing and metal forging conditions, the
metal recovery for MAS58 was 87% (volume of forging meeting SNT
Class "A" quality standards) compared to 71% metal recovery for
MA39 alloy (Table 21).

The only guality factor that favored MA39 alloy was in the

number of isolated discontinuities detected ultrasonically

(Table 21). Over all the powder processing and forging conditions

o o
i

—

TR T T AT N T T T S T T e N o R R N R Y TN A R AT SR ST ¥ TATFL
3 Y B bt A N e T4




Bamuaierne]
Brsrree

1

{7t

A T TR TR T
" R S S r S gk o S~ Tyep ey

-15-

examined, MA58 alloy averaged 2.2 discontinuities per forging,
while MA39 averaged 0.5 discontinuities per forging. It is
important to note that the isolated defects found in forgings
of both alloys are small and spaced so the uncracked forging
exceeds SNT Class A quality standards.

The average properties of all MAS8 and all MA39 forgings
are summarized in Table 22.

The average tensile strengths are nearly identical for
both alloys in both 1ongitudina1 and transverse directions.
However, the MA58 alloy forgings have higher yield strength,
elongation and notched tensile strength:yield strength ratio

(NTS/YS) in both test directions.

2. Effect of Cold Compacting Variations on
Forging Quality and Properties

a. Green Density

Summing over both alloys and all processing
conditions (Table 23), a cold compact density of 70% is
slightly favored over 80% for metal recovery. This advantage
is not statistically significant by a t-test.

The forgings from 70% cold density compacts had twice
as many isolated discontinuities as forgings from 80% density
cold compacts, while still meeting SNT Class "A" quality
standards in the uncracked center portion of each forging
(Table 23).

The effect of cold compact density on properties of

forgings is summarized in Table 24. From the summary table,
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it can be seen that only a few scattered significant
differences in properties exist. Seventy percent green

density was favored slightly for MA58 transverse properties,
although only the tensile strength and yield strength
differences are statistically significant. Eighty percent
green density gave slightly higher longitudinal properties

in MA58, but only the elongation difference shown statistically
favors 80% green density.

For MA39 alloy forgings, the only property differences
shown in Table 24 are in transverse elongation and notched
tensile strength. The differences betwezn 70 and 80% are
not statistiéally significant.

Overall, it is seen that compact green density has no

practical effect on the properties of P/M hand forgings.

b. Cold Compact Method

The results of inspections of forgings for
determining the effect of cold compacting method on forging
quality are presented in Table 25.

There is no significant difference in metal recovery between
forgings prepared from isostatic and uniaxial cold compacts;
both methods yield 78% over-all metal recovery for the processing
conditions represented.

Forgings from uniaxial cold compacts had slightly more

isolated discontinuities than forgings from isostatic cold compacts.
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The effect of cold compacting method on properties of
forgings is shown in Table 26.

For MA58 forgings, notched fensile strength:yield strength
ratio in both t2st directions favors isostatic compacting,
while transverse elongation favoers uniaxial compacting. The
transverse NTS/YS and elongation are the only MA58 properties
with statistically significant property differences.

For MA39 forgings, the longitudinal NTS/YS favors
uniaxial compacting, while the transverse NTS/YS favors
isostatic pressing. However, none of the property differences
noted statistically favor one compacting method over the other.

Overall, isostatic cold compacting is comparable to uniaxial
cold compacting.

3. Effect of Preheat Variations on Forging
Quality and Properties

a. Preheat Temperature

The effect of preheat temperature on forging

quality is presented in Table 27. The trend shown indicates a
general improvement in metal recovery with increasing preheat
temperature.

The intermediate preheat temperature results in forgings
with the least number of discontinuities. This might be
related to melting these alloys above 950 F to generate dis-
continuities without resulting in forging cracks.

The effect of preheat temperature on properties of forgings

is summarized in Table 28,
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For MA58 forgings, 1000 F preheat temperature gives
the highest longitudinal and transverse elongation and
notched tensile strength at comparable tensile and yield
strengths for the 900-1000 F preheat temperature range. This
advantage for 1000 F preheat temperature 1is statistically
significant for MAS58.

For MA39 forgings, the 1000 F preneat was the highest
strengths and elongations (both directions) and the highest
transverse notched tensile strength. However, only the
longitudinal tensile and yield strength (1000 vs. 900 F)
and the transverse notched tensile strength (900 or 1000 vs,
950 F) differences are statistically significant.

Overall, the use of 1000 F preheat appears to significantly

improve forging properties.

b. Preheat Time

The role of preheat time in forging quality is
presented in Table 29. Summing over all the variables, 20 hour
preheat does net slightly better average me*al recovery.

The 20 hour preheat netted forgings with 1/3 the number of
isolated discontinuities of either the 1 or 5 hour preheats.

The effect of preheat time on properties of forgings is
summarized in Table 30.

For MAS8 forgings, one-hour preheat yields the highest
transverse elongation and tensile, yield and notched tensile

‘

strengths in all directions. The one-hour preheat is statisti-
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cally favored for notched tensile strength in both directions

and for transverse tensile strength.

i b

The one-hour preheat is statistically favored for MA39

notched tensile strength in both directions. The other

i

properties determined show the one and five hour preheats to

;[ be generally comparable.
- Overall, the one-hour preheat is favored over longer
w preheats times for optimum toughness.
ég ¢. Interaction of Preheat Time and
Temperature
EE Neutron activation oxygen analyses were runh on
i compacts preheated at 900 to 1000 F to determine if the
E decreasing toughness wivh increased preheat time could be

attributed to increased oxygen, present as Mgl or MgAla0y
(spinel). The results of oxygen determinations are presented

in Table 31 for forgings made from MA39 and MA58 compacts

Boreme b

preheated various times. Within the precision of the measure-

-3

Ewon g

ment, no increase in oxygen occurs between the 1 and 20 hour

f
P

preheat.

The coarsening of the Co2Als phase during compact preheat

3

is shown 1in Figure 18 for 1 and 20 hour preheats at 1000 F and

o e

| Y

by the measurements presented in Table 32, The average particle

diameter doubled during a 20 hour preheat at 900 F and increased

necessary for this Ostwald ripening strongly suggest predominantly

ei by 2.3 times during 20 hour at 1000 F. The diffusion rates
E high diffusivity path diffusion (e.g. grain and subgrain boundaries).
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The effects of average particle diameter and interparticle
spacing on longitudinal and transverse NTS/YS are shown in
Figures 19 and 20, respectively. The NTS/YS in both directions ‘
decreases with increasing I-P spacing or average particle !
diameter. Clearly, minimizing preheat time for alloys with
appreciable Co (and perhaps Fe ai'd Ni) is desirable tu main- ]
tain optimum toughness,

Surprisingly, the 1000 F preheat generally results
in higher toughness than 900 F preheat (see Table 28) in spite
of coarser CozAls after the higher temperature preheat (see
Table 32). Apparently the higher temperature more thoroughly
degasses the green compact, resulting in a hot pressed compact
with less total gas content. The net effect of higher preheat ;
temperature, then, 1is better forging toughness even in the
presence of Ostwald ripening of constituent.

y, Effect of Hot Compacting Pressure on
Forging Quality and Properties

The effect of hot compacting pressure on the quality
of P/M forgings is presented in Table 33. The general trend i
neted is improving metal recovery with inereasing hot compact
pressure. The greatest percentage improvement in metal recovery
is had in going from 30 ksi to 60 ksi hot compact pressure, |
especlally for alloy MA39.

Summing over a variety of processing conditions, the
difference in metal recovery between 30 ksi and 60 ksi hot
compact pressure 1is statistically significant, while the
difference between 60 ksi and 90 ksi is not significant.
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The 60 ksi hot compacting pressure does result in more
discontinuities than either 30 or 90 ksi. Apparently the
material lost to cracks with 30 ksi hot compacting pressure
is uncracked at 60 ksi, but contains numerous isolated dis-
continuities. At 90 ksi, this material is uncracked and
relatively free of discontinuities. In spite of the number
of discontinuities noted at 60 ksi, these forgings still all
pass SNT Class "A" Standards.

The effect of hot compacting pressure on properties of
forgings is summarized in Table 34.

For MA58 forgings, 90 ksi hot compacting pressure yields
the highest notched tensile strength and elongation. Only the
difference in transverse elongation between 90 ksi and 30 ksi is

statistically significant.

For MA39 forgings, 90 ksi hot compacting pressure gave
the highest transverse notched tensile strength and elongation,
while 60 ksi was best for longitudinal elongation and notched
tensile strength. None of the differences in elongation or
notched tensile strength noted from Table 34 are statistically
significant. The forgings hot pressed at 60 ksi did have
statistically significant higher transverse strength than was
the case for 90 kei. None of the other property differences
shown are significant.

The effect of hot compacting pressure on NTS/YS and
percent metal recovery (see Table 3U4) is shown in Figure 21.

Ninety ksi hot compacting pressure yields the highest NTS/YS in

forgings.
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The use of 90 ksl hot compacting pressure is presently
preferred to achieve maximum properties from forgeable P/M
compacts. This variable must be evaluated further in Phase III
with the expectation of finding that 60 ksi may be adequate in

practice.

5. Effect of Forging Technique Variations
on Forging Quality and Properties

a. Metal Temperature

For MA5S8 alloy, visual quality rating (Table 35)
shows minimizéé edge and face cracking for 600 F forging tempera-
ture. A temperature range of 500-600 F for metal working was
selected for all subsequent forging of MA58. For MA39, similar
visual quality rating (Table 35) shows minimized face and edge
¢racking for 700 F forging temperacure. A temperature range of
600-700 F for metal working was selected for all subsequent
forging of MA39.

The effect of forging temperature on metal quality is noted
in Table 36. In terms of metal recovery, the optimum metal
working temperature 1s a function of alloy content. The MAS8
alloy forgings gave the best metal recovery when worked from
550 to 600 F. 1In practice, metal temperatures from 500-600 F
were used in working MASS.

The MA39 forgings gave the best metal recovery when worked
at 650 to 700 F metal temperature. In practice, a metal
temperature range of 600 to 700 F was used for forging MA39 alloy.
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The effect of forging temperature on properties of P/M
hand forgings is shown in Tables 37 and 38.

For MA58 alloy, the temperature range from 550 to 750 F
yields desirable longitudinal properties, with 600 F and 700 F
having particularly good combinations of elongation and NTS/YS.
In the transverse direction, the 550-700 F temperature range
(excepting 650 F) has the best NTS/YS, while 650 F has the
best elongation. Considering properties in both directions,
the temperature range from 600-700 F appears optimum for MASS8
alloy.

For MA39 forgings, 700 F forging temperature gives optimum
transverse elongation and NTS/YS, while 750 F has a longitudinal
elongation advantage. Since forging recovery drops off

drastically at 750 F (Table 36) forging at 700 F for MA39

appears best.

b, Forging Procedure

The effect of forging procedures and amounts of

reduction on forging visual quality are shown in Table 39.
Using minimized face and edge cracking as the principle gquality
criterion, a "draw" operation (Figure 8) for both MA58 and
MA39 alloys gave the best forging quality. For MA58 alloy, an
"A upset and draw" operation (Figure 9) gave nearly the same
quality as a simple draw operation.

The metal quality ratings as a function of type and amount

of working are presented in Tablie U40.
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For both MA58 and MA39, increasing amounts of work in
going from a 3.25" square bar to a 1.25" square bar results
in improved average recovery. However, for MA58, the differences
in recovery are not statistically significant. For MA39, the
metal recovery improvement with increased work is significant.

The different forging operations (i.e. draw, A upset and
draw, etc.) netted slightly different average metal recoveries
for both alloys, but the differences in recovery are not
statistically significant.

"A" upset. and draw forging, while netting the best metal
recovery, gave forgings with more isolated discontinuities for
MA58. For MA39 alloy, A or A-B upset and draw forgings had the
most discontinuities.

The amount of end cracking was least severe for the A or
A-B upset and draw operations for both MA58 and MA39 forging
operations, as shown in Figures 22 and 23, respectively. Thus
the severity of end cracking is seen to run contrary to the
number of discontinuities.

The effects of deformation procedure on properties of MA58
and MA39 forgings are shown in Tables 41 and 42, respectively.
Only minor differences in elongation and NTS/YS will be noted
in examining the properties as affected by deformation method.
None of these differences are statistically significant for
elther alloy. Any of the deformation methods used will yield

nearly equal properties.
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The effects of amount of deformation on properties of

MA58 and MA39 forgings are shown in Tables 41 and U2,

RGNS S T e I

~r
2
i respectively. For both alloys, tensile and yield strength

increase with increasing amounts of extension in working. This

" Ry
T R S AN

increase in strength is statistically significant for MAS5S8

longitudinal ¥S and transverse TS and ¥YS, and for MA39 longi-

gt b

tudinal TS.

St

Of greater significance is the good longitudinal elongation

and NTS/YS with as low an extension ratio (L = forging length/

B

billet length). of 2.8, as shown in the properties of the

3.25-inch square forgings for both MA58 and MA39. Either the

i
==

21 hot pressed compact has favorable properties, or only small

“ g
o~
L
—3

amounts of reduction are required to generate good properties.

This small amount of reduction was sufficient to generate con-

LR}

siderable anisotropy, notably in NTS/YS.

Small improvements in longitudinal NTS/YS are gained with

=

& increased reduction for MA58 alloy, but elongation in all

g ]E directions and transverse NTS/YS are not significantly affected
Z f n by increased reduction. Increased reduction in MA39 forgings

g J; does not appreciably affect elongation or NTS/YS in either test
‘ I direction.

é‘ | Overall, since increased reduction does improve strength

Fed

with possible NTS/YS improvements, optimum forging practices

i1t should allow as much reduction in section as possible. For

St

td
3 N 3
=4

hand forgings, this would mean starting with the largest possible

billet sigze.
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6. Effect of Process Parameter Interactions
on Forging Quality and Properties

a. Interactions of Alloy, Green Density,
Preheat Time and Temperature on

Forging Quality and Forging Properties

The above interactions are shown quantitatively
in Table 43 and qualitatively in Figure 24. For MA58 alloy
forgings, there are no appreciable interactions among the
above parameters in metal recovery. Eighty percent green
density does result in more severe forging end cracking
(Figure 24) but fewer ultrasonic discontinuities.

For MA39'élloy, 1 hour preheat with 70% green density
gave metal recovery equal to 20 hour preheat for 80% green
density, regardless of preheat temperature., Eighty percent
green density gave forgings with fewer discontinuities. None
of these process interactions had any effect on the severity
of end cracking for MA39, as seen in Figure 24.

The effect of the above interactions consideréd in Tables 44
and 45 shows no property vs. process parameter trends not already
noted in the discussion of primary variables.

b, Interactions of Alloy, Green Density,
and Hot Ccmpacting Pressure '

The above interactions on forging quality are
the subject of Table U46. For MA 58 alloy forgings, no inter-
actions resulted in quality trends contrary to those seen
earlier in the single parameter comparisons.

For MA39 alloy, an interaction between hot compact pressure
and green density results in the metal recovery reaching a peak

at 60 ksi for 80% green density.
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The effects of the above interactions on forging properties
are considered in Tables 47 and U48. The significance of alloy
on yield strength and elongation noted previously is seen here,
with MA58 having higher Y.S. and elongation than MA39 for the
longitudinal direction. The yield strength difference is
largely the result of the aging practice difference, with the
MA39 having a 16-hour second step age vs. MA58 having an 8-hour
second step age. It appears that there is no important inter-

action of green density and hot coin pressure.

¢. Interaction of Cold Compact Method,

Hot Compact Pressure and Alloy on
Forging Quality and Properties

No trends in metal quality contrary to the
single parameter comparisons were observed due to the above
interactions (see Table 49).

The effect of the above interactions on mechanical
properties are considered in Tables 50 and 51. The following
interactions were observed:

(1) Longitudinal tensile strength: MA58 favors

uniaxial compacting; MA39 favers isostatic

compacting.

(2) Longitudinal NTS/YS: MA58 favors isostatic
compacting; MA39 favors uniaxial compacting.

Since the sample size involved in these interactions is
small, it is possible that the small difference ncted may be
due to random property variations. Since the differences
between properties is small, the differences may not be prac-

tically significant.
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. d. Interaction of Preheat Time and
4 Temperature on MAS8 Forging Quality
‘ and Properties

No trends contrary to the single parameter

comparisons were okserved due to the above interactions (see

Table £2).
The effect of the above interactions on mechanical properties

] are considered in Tables 53 and 54. The trends in properties vs. |
process parameters are in agreement with previous observations ‘
noted in the discussion of primary process variables, excepting i
the unusually -high transverse NTS/YS for the 1 hour at 900 F

This value may be due to extreme experimental scatter. El

EMtlsare i

preheat.
g e. Interaction of Preheat Temperature, {
3 Hot Compact Pressure and Alloy on ‘
3 Forging Properties o
i No trends contrary to the single parameter ;, 7
? comparisons were observed due to the above interactions (see (
f Table 55). L
% The effect of the above interactions on mechanical properties 2
are considered in Tables 56 and 57. The only significant inter- -

action is one observed in longitudinal NTS/YS. MAS58 forgings {j

preheated at 1000 F have optimum NTS/YS, while MA39 forgings f}

E
bt
3y
o
;
e
&
3
%
5
5,

slightly favor 950 F in the longitudinal direction and strongly

favor 1000 F in the transverse direction. Since the sample

size involved in this interaction is small, these interactions

willl be studled further in Phase III.

7. Effect of Processing Variations on
Exfollation Resistance '
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The 2" square forgings listed in Table 11 were
exposed to two weeks in the MASTMAASIS accelerated exfoliation
test(9),

No evidence of exfoliation was observed in the MAS8 forgings,
with only pitting type attack observed, as shown in Figures 25
and 26. Sample location in the forging had no apparent effect
on depth of corrosion. However, higher green density or higher
hot compacting pressure both result in increased maximum pitting
depth of attack (see Tables 58 and 59) for alloy MA58.

While only pitting attack was visually observed in the
MA39 forgings (somewhat more pronounced than MA58), there was
evidence of slight undermining pitting in the MA39 forgings.
Further, the MA39 forgings showed increased pitting depth of
attack with increased preheat time as seen in Tables 58 and
59, and a lesser number of pitting locations observed in
Figure 27 for the five hour preheats. This may be the result
of Ostwald ripening of Co2Als in MA39 (shown in Figure 18),
leading to fewer and further spaced locations for preferential
corrosion. Lower hot compacting pressure decreases the maximum
depth of pitting attack (Table 59) ard increases the number of
pitting locations (Figure 28).

8. Effect of Processing Variations on
Stress Corrosion Cracking Resistance

The forgings listed in Table 11 were subjected to
stress corrosion cracking tests. All specimens survived 8u4

days in A.I. test with no confirmed stress corrosion cracking
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failures. The Ostwald ripening of Co,Als observed in MA39
apparently had no effect on the stress-corrosion cracking
performance of MA39.

Since these MA58 and MA39 forgings have mechanical
propertizs comparable to 7075-T6 forgings with immunity to
exfoliation and stress corrosion cracking, either of these
alloys would represent an improvement over 7075-T6 for hand
forgings.

9. Second Step Aging Response of
P/M MA53 and MA39 Forgings

The effect of second step aging time at 330 I on
tensile properties of MA58 is shown in Table 60 and Figure 29.
The second step age used for the bulk of the testing of MA58
forgings, 8 hours at 330 F, is about U4 ksi below the maximum.
longitudinal yield strength for these MA58 forgings.

The effect of second step aglug time at 330 F on tensile
properties of MA39 is shown in Table 61 and Figure 30. The
temper used for the bulk of the testing of MA39 forgings, with
a second step age of 16 hours at 330 F, is more than 15 ksi
below the maximum longitudinal yleld strength capability of
MA39 forgings.

IX. Effect of Cold Compacting Method o vroperties
of MA58 and MA39 Extrusions

For MA58 extrusions from both fine (83% -325 mesh) and
coarse (:2% -325 mesh) powder sizes, the longitudinal elongation

and notc.ed tensile strength to yield strength ratio favor
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isostatic compacting (Table 62). The elongation for the fine

T st By e W g ¢ i 57

powder size in the transverse direction favors uniaxial com-
f P pacting, as does the tr . sverse NTS/YS for the coarse powder
o size. When the data for the two MA58 powder sizes are grouped

i together, only the difference in longitudinal NTS/YS is

f . statistically significant by a t-test (Table 63).
g f - For MA39 extrusions, elongation and NTS/YS in both test
S ae directions favor uniaxial compacting. The differences are not
% — statistically significant by a t-test (Table 62).
;? " Overall, isostatic cold compacting is comparable to uniaxial
; -3 cold compacting. This is consistent with the results of the
§ - comparison of hand forgings made from isostatic and uniaxial

;. compacts.,

e SUMMARY
? - 1. High quality hand forgings can be made from compacts
% :: of atomized high strength Al-Zn-Mg-Cu alloys without an inter-
f i mediate extrusion operation.
; = 2. An Al-Zn-Mg-Cu alloy without ancillary insoluble
é - elements (MA58) had better forgeability, ductility, and tough-
f ‘f ness than an alloy containing insoluble additions (MA39).
‘% ” 3. The general level of recerry was high for hand
? .; forgings with 87 volume % of MA58 and 71 volume % of MA39
é - meeting SNT Class "A" Standard.
g . i, The effect of increasing green density from 70 to 80% 5
é 3 '; on quality and properties was not significant. ?
”

|

k
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5. Increasing preheat temperature from 900 to 1000 F |
inereased forging quality, duetility and fracture toughness:
6. Increasing preheat time from 1 to 20 hours increased i
forging quality but decreased fracture toughness. {
7. Increasing hot compacting pressure from 30 ksi to
90 ksi increased forging quality, fracture toughness and i
transverse ductility. .
8. Optimum forging temperature ranges from 550 to 700 F,
depending on alloy.
9. While:working procedure has no significant affect on
forging quaiity or properties, increasing amounts of work improves ;l ;
forging quality and strength.
10. The following powder processing conditions are recommended {.
to maximize forgeability, forging properties and quality:
a. Cold nress to more than 70% green density.
b. Preheat for 1 hour at 1000 F in flowing dry argon.
¢. Hot press at 90 ksi.
d. Scalp, taking heavy cuts at the compact ends.
e. Forge by any standard working procedure at a
temperature suitable for the alloy, with as

much total reduction as possible,

11. Minimum processing conditions that yield acceptable 32

forging properties are:

a. Cold press to 70% green density.
b. Preheat 1 hour at 900 - 1000 F.
c. Hot press at 60 ksi.

d. Scalp.
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e. Forge by any standard working procedure with
as little an extension ratio (forging length/
billet length) as 2.8.
12. Isostatic cold compacting gives extrusions with

properties comparable to extrusions from uniaxlial cold compacts.

RECOMMENDATIONS FOR PHASE III

I. Phase III Tooling

The Phase III tools (scale up to 170 1b. compacts) have
been designed to prepare compacts by the optimum process technique
determined in Phase I shown as (10) in the summary above. These
tools have the following capabiiities:
a. Cold isostatic compacting cylinder - 30 ksi
compacting pressure, to produce a 170 1b.
compact, 8.1" diameter x 44" long, >TU% of
theoretical density based on Figure 5.
b. Hot compacting cylinder - 90 ksi compacting

pressure, to yield a 170 1lb. compact, 8.4 to
9.2" diameter (tapered) x 28" long.

II. Process Variables for Phase III

The following process variations are to be studied in
Phase III to determine: (1) how scaling up in compact size
affects process variations and properties of procucts; (2) if
less than 90 ksi hot compacting pressure will yield acceptable
forging quality and properties; and (3) if fracture toughness
can be improved by variations in powder size, preheat conditions
or forging variations.

A. Powder Size
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B. Preheat Conditions
1. Atmosphere
a. Controlled Purity
b. Inert Gas
(1) Argon
(2) Nitrogen
2. Heating Rate
3. Temperature
C. Hot Compacting Pressure
D. Scalping

E. Forging Method (increased amounts

of hot work)
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TABLE 8
! I FORGING TEMPERATURE
I? - . FORGING CODE NUMBERS
. ] Forging Temperature _
E Alloy 550 600 650 700 750

.E MaAS58 a4 A3 A6 A2 Al
-

MA39 al2 A7 a9 a8

e R o A R A At
[ 7T o =,
(31 i .

NOTE:' all uniaxial compacts, cold pressed to
70% green density, Preheated 5 hours
at 950  F, hot pressed at 90 ksi.
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TABLE 29
EFFECT OF PREHEAT TIME ON QUALITY OF FORGINGS

% Metal Recovery(4) No. of Discontinuities

-prom—— f SV IO ! ]

Greeén Preheat Preheat Time .___Preheat Time . i
Density Téemp. 1 5 20 1l 50 20 J
Alloy (%) (°F) (Hr.) (Hr.) (Hr.)  (Hr.) {Hr:) (Hr.)
MAS8 70 900 90 78 91 5 2 3
MA58 70 950 91 92 90 2 3 0
MAS8 70 1000 93 94 94 4 3 0
MAS8 80 900 87 86 90 1 1 1
MA58 8o 1000 85 95 91 1 3 1
MA39 80 900 54 66 87 1 0 0-
‘MA39- 80 1000 89 79 92 0. L 0
AVERAGE 84 84 91 2 1.9 0.7
NOTES: (1) Uniaxial Cold Compact
(2) Draw Forged to 2" x 2"
(3). Hot Compact Pressurée of 90 ksi §E
(4). Preheat n Avg. T.dev.? . if
5 hours 7 8l 689 e
20 hours 7 91 25 gg
student's = 1.5 -
Prob. of signif. of difference <0.95 ag
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s ' TABLE 33
EFFECT OF HOT COMPACT PRESSURE ON QUALITY OF FORGINGS. WE

< M
- ey oy

) ) Number of
(1) % Metal Recovery(l) Discontinuities
Green Preheat . Hot .Compact Pressure Hot. Compact Pressure

Density Time Temp., 30 60 90 30 60 90"
Alloy (2)  (Hr.) (°F) (ksi) (ksi) (ksi) (ksi) (ksi) (ksi)
‘MAS8 70 5 950 88 87 92 2 y 3
MAEB 80 5 900 82 87 86 2 6 1
MA'58 80 5 950 65 91 100 2 0 1 r
MA58. 80 . 5 1000 88 90 95 ‘0 6 3 [
MA 58 70(2) 5 950 28 92 93 5 0 0
MA39 70 5 950 25 70 93. 0 1 0 E
MA39 80 5 950 10 78 71 - 0 2 0
MA39 80 5 1000 38 68 79 0 0 1 -
mA3  T0(2) 5 950 76 8 91 1 1 0 r

AVERAGE 56 84 89 1.2 2.2 1

e T o Bl o

NOTE3: (1) Uniaxial Cold Compact Except as. Noted.
] (2) 1Isostatic :Cold Compact.
(3) Draw Forged to 2" x 2"

(4) Hot Compact Press + 30 ksi 60 ksi 90 ksi

n 9 9 9
Ave. 56 8h - 89
L dev. 3291 675 634 ¢
= 2.21(5) 1 = 1.22(5) - b
p > 0.975 p < 0.90 Vo [
(5) Student's T - p = probability that difference \ , l—:
in averages is significant, . . [ :

e e ¥




~

-71-

*IIi Xtpuedd¥y ‘g pue L ‘9T ‘ST so1qel woad (T) :JION

£€8° 6°6v 0°L v-09 €°0L SC°1 0°08 AN [4h 4] [ A 06
8L~ 8° LY 979 L°T9 1°cL €C°1 ¥°08 091 1°S9 L L 09
LL- 8°9% 879 0°19 €°0L Ic°T a°LL €°ST 0°%9 o vL ot 6EWN
L8" S°vS 876 6°¢9 T°TL 8¢ 1 S°16 0°LT S°99 9°¢tL 06
v8- ¥ vs ¢°8 0°59 L clL TIe°T 1°68 2°91 6°L9 (-T2 09
v8° 8°cS 8°L 8¢9 < TL LE'T ¢°06 0°LT ‘§°99 L €L (0} 8S¥H
SE/SIN (50 (Gv Ut %) (TS0 (IS0 SA/SIN (i5W) @y U %) (1s) (¥sy) ~oanssead  Xori¥
'SIN ‘TE *S*X S SIN ! *S*X °S°% bHutraoedwod
s913I2doad SsIdAsuURI] sa13asdoad TeuipnitTbuo] 3I0H

(1) SONID¥0Od ANVH FYYAOS .z JO
STIIVAIOEd TFIISNAL IOVYHAY NO HENSSHEG ONILOVAWOD JLOH 40 IOIIJH

ve FIGYL

«h
-l
-t
o
rd
pony
-t

e o7 a2t g g e 0ty s Ut et g ot M e s




T AR RV T R RR G R TRT 4
. ~

=7 RSR T

e

st 3 X P e

TR MARR TRATNISE WRTLTNT oY W ST

e et o

e

S8 ot 30

axaAds Z-¢ IYbTIS T

) { : !1» w ! " ———— P
o . ‘paxoeao mamuo>mm H@AEﬁc vmxomko §90¥3I0S .JO. IaqunN  (G)
K \ ‘sxeq, ‘bs ,z o3 timeaq s ‘pue sesdp § &q pebaoa (¥)

*aeq °*bs ,z 03 mead pue ummmb qH-Y cmnv ‘futaenbs Aq pscxod (€) M
.huauw>wm mcaxomuo vmxumno sedezans JO ISqUMN (2)
i oom J%® @mummmum.mcamuom ON (T) :STILON’

umTpou € sxaass Axea. T Buisoean eoed

suou auou suou (g) @3ones =¥ BuToex0 obpd
untpau | yBTIs T umTpaw g ) ®uou wgﬂxomuu pud
——STryeiodusy BUTbIod —= .
(6EYH) ST96LE
IYBIIS ¥ wntpsw T umtpaw T auou 3yYSTIS T UCﬁMUMHU.momm
3UyBTIS € wnTpsw g suou auou auou hutsoex) obpd
wnTpsw g waTpaw. T auou aybIIs 1 \Nvuﬂmﬂam T butoeap pud
d 061 a3 00L  TTTE 059 — & 009 — 4 0%%
sInjexadwsl, butbaod
(€) (8S¥W) PT96LE
(Y BUMbommv mOZmeom szm :om X :N X ,¢ NO UZHMU<MO azagdsdgo
NﬂﬂﬁDmH> NO. HINILVIIdNHL DNIDY0d JO vammm
'GE TIEVL
R IR ALY T e, 20t SRESS o A E e Mg SIS P ity s o SO SIS R b R i sty ARSIt v 1) it =g S0t 10 0 onts bt O g o it Sy

s SVt ARG St SO e I S v [ et WS s R M

T
vt A o et R B

Ed
|
|




2]
A
s
3
i
<
%
2
-
o
d
{
5

S

RS

TR AT,

TNy

L]

RSNt T EARIA I e Ty et
A

TS} 06 3€ Surssaad £q pejoedwmod 30H (9
*d 066 3® sanoy G pajeayaad (G

*Burjoedwod TeTxeIUn Aq LJFSusp %0l 09 passadad PTOD (4
*saeq °bs ;g2 03 MBaQ pue gosdn y Lq psldaog (€

*aeq °*bs ,¢ 03 meap ‘pue jasdn g-y usysz ‘Bupaenbs £q po3aog (2
*d 009 3® paaedsad sBuidaol oN (T

{ SHLON

T 0 4 (T): (2) (€)6EVN ,

2 £ f € € (2)8S ¥ SOT4TNUTIUODSTQ PRIBTOSI JO I3quny
h
r~ .
! hS £8 9. Ll a8eaoAy

S 8 6L (1) (2)09 (€)6EVM

1S 28 l 26 16 (2)8SYI £351008Y TR3OW .3USD I3d

057 00Z . 049 009 _ 055, . XotTTv

- (do) 9angeaaduls] JUTIIOL -
(V 104roud) SONIDHO4 ANVH 40 ALTIVAD NO SUNIVHHAWAI DNIDNOZ 40 Lodddd
| 9€ FTAVL
i S o 0 o =0 O i el e y T I 3 oo
A A S T DT e a0l s g ST “..c oy 4 S Tt S e VU R A s e et 820t s, Lot gt 2t (%




ER TN e R Y R LT LT WY ST I
- - . i

-74- LE

L 1
S —

[
TABLE 37 L
. . ‘ [3
EFFECT OF FORGING TEMPERATURE 1
ON LONGITUDINAL PROPERTIES - .
TENSILE STRENGTH ] |
FORGING. TEMPERATURE ~
ALLOY 550 600 650 700 750 |
ALCOA MAS8  74050. 70500, 71850. 72300, 70500
ALCOA MA39 | 75150, 73650, 72800, B
- ) \ J
YIELD STRENGTH ;
, FORGING. TEMPERATURE | ]
ALLOY 550 600 650 700 750
ALCOA MASB. 65950, 62350,  62950. . 64300. 62900, }
ALCOA MA39 .65300.  63800. 63000, i
ELONGATION 3 ‘
. i A
:  FORGING TEMPERATURE_ . T
ALLOY 550 600 - 650’ 700 750 . i
ALCOA MASS 1840 16,0 12,0 16.0 18,0 o
ALCOA MA39. - 1340 14,0 15.0 o
NOTCH TENSILE STRENGTH=-YIELD STRENGTH RATIO f Lo
. o FORGING TEMPERATURE .
ALLOY. 550 600 650} 700 750 |
ALCOA -MASS 1.37 148 145 1446 L4l E
ALCOA MA39 4 1.25° 126 126 l~ »
P
iRe
, _ ) ¥

D T




e o . s o A PR S T PN W N

- TABLE 38
l EFFECT OF FORGING TEMPERATURE
~ ON TRANSVERSE PROPERTIES
i TENSILE STRENGTH
¥ FORGING TEMPERATURE
ALLOY 550 600 650 700 750 ‘ |
- ALCOA- MASS 71950, 67200, 73500, 67500, 66500,
ALCOA MA39 70600,  70800.  71750.

YIELD STRENGTH:

FORGING TEMPERATURE

B ALLOY 550 600 650 700 750

] ~ ALCOA MASS8 63900, 59500s 65550. 57450, 58200,
ALCOA MA39 61800. 61600, 61650.

} ELONGATION

' , FORGING TEMPERATURE - :

g ALLOY 550 600 650 700 750 ;
_ i
ALCOA MA39 60 7.0 640

;W!

‘NOTCH TENSILE STRENGTH-YIELD STRENGTH RATIO

FORGING TEMPERATURE

|

o \ 1

i ALLOY 550 600 650 700 750 i

i

s ALCOA MASS 1.09 1.06 <90 1.09 68 :

4 ALCOA MA39 +65 .78 .62 *
e
4

5, e
e

Fosd
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TABLE 44

INTERACTIONS OF GREEN DENSITY, PREHEAT TIME,
PREHEAT TEMPERATURE, ALLOY ON
LONGITUDINAL PROPERTIES

TENSILE STRENGTH

GREEN DENSITY = 70% GREEN DENSITY = 80%

PREHEAT PREHEAT TIME
ALLOY TEMP, 1 HR, 20 HR, 1 HR, 20 HR,
ALCOA MASS8 900 75700, 76100, 75250, 73300,
ALCOA MASS8 1000 72900, 76600, 77350. 73850,
ALCOA MA39 900 75300, 73050, 73600, 74850,
ALCOA MA39 1000 73050, 75600, 74450, 75450,
YIELD STRENGTH-

GREEN DENSITY = 70% GREEN DENSITY = 80%

PREHEAT PREHEAT TIME
ALLOY TEMP, 1 HR, 20 HR, 1 HR, 20 HR,
ALCOA MASS 900 67450, . 68200, 67600, 65250,
ALCOA MASs8 1000 65450, 69400, 69500, 66350,
ALCOA MA39 900 65500. 62550, 64050, 65000,
ALCOA MA39 1000 63150, 65750, 65750, 66550,
ELONGATION

GREEN DENSITY = 70% GREEN DENSITY = 80%

PREHEAT PREHEAT TIME
ALLOY TEMP, 1 HR, 20 HR, 1 HR, 20 HR,
ALCOA MASS 900 14,0 16,0 15.0 15.0
ALCOA MASS 1000 16.0 ' 16.0 16,0 17.0
ALCOA MA39 900 16.0 15.0 13.0 15,0
ALCOA MA39 1000 16,0 14.5 16.0 14,0
NOTCH TENSILE STRENGTH = YIELD STRENGTH RATIO

ALLOY

ALCOA
ALCOA

ALCOA
ALCOA

GREEN DENSITY = 70% GREEN DENSITY = 80%

PREMEAT PREHEAT TIME
TEMP, 1 HR, 20 HR, 1 HR, 20 HR,
MAS8 900 1,43 l1.23 1.42 1.35
MASS 1009 1.45 1,33 1.35 1.35
MA39 900 1.25 1,23 1,32 1.16
MA39 1000 1.25 1.1} 1.29 l.16
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TABLE 45

INTERACTIONS OF GREEN DENSITY, PREHEAT TIMEs

PREHEAT TEMPERATURE, ALLOY ON f
TRANSVERSE PROPERTIES ¥

TENSILE STRENGTH |

GREEN DENSITY = 70% GREEN DENSITY = 80%

PREHEAT PREHEAT TIME .
ALLOY TEMP, 1 HR. 20 HR. 1 HR. 20 HR,
ALCOA MASS 900 72750. 71450. 74300. 69250. ,
ALCOA MASS 1900 70450. 74500. 72750. 68800, g
ALCOA MA39 900 73650. 72000. 70850. 71200. T
ALCOA MA39 1000 72100. 73400, 73450, 72350, 7
YIELD STRENGTH - i:
GREEN DENSITY = 70%  GREEN DENSITY = 80% | L
PREHEAT PREHEAT TIME =
ALLOY TEMP, 1 HR. 20 HR. 1 HR. 20 HR. o
[
-ALCOA MAS8 900 64000, 63550, 65150. . 60850, B |
‘ALCOA MAS8 1000 61050, 66400, 63500, 60300, ]
ALCOA MA39 900 63600, 61600. 59250, , . 616504 P
'ALCOA MA39 1000 613005 63750, 62500, 61150. .
ELONGATION i;
_ . GREEN DENSITY = 70%  GREEN. DENSITY = 80% '
PREHEAT PREHEAT TIME 1
ALLOY . TEMP. 1 HR. 20 HR. 1 HR, 20. HR. ;
ALCOA MAS8 900 11,0 7.0 12.0 6.0 :
- ALCOA MAS8 1000 12.0 840 840 160 [ g
ALCOA MA39 900 8.0 12,0 11,0 640
" ALCOA MA39 1000 10.0 840 840 9.0 §%
NOTCH TENSILE STRENGTH - YIELD STRENGTH RATIO -
GREEN DENSITY = 70%  GREEN DENSITY = 80%
PREHEAT PREHEAT TIME -
ALLOY TEMP. 1 HR. 20 HR, 1 HR. 20 HR, o
ALCOA MASB 900 1,09 .60 .75 81 -
ALCOA MAS8 1000 .86 86 .85 79 :
ALCOA MA39 900 .85 47 1.00 .67 .
ALCOA MA39 1000 .73 .65 .85 .83 ;
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TABLE 47 -

INTERACTION OF GREEN DENSITY, HOT COIN i
PRESSURE AND ALLOY 4
ON LONGITUDINAL PROPERTIES

TENSILE STRENGTH

e

GREEN HOT COIN PRESSURE ,
ALLOY DENSITY 30 KSI 60 KSI 90 KSI [}'
ALCOA MASS 70 T4050. 75550, 74300, .
ALCOA MAS8 80 74050, 75300. 72800.
ALCOA MA39 70 74150. 74050, 73250.
ALCOA MA39 80 71600, 73550. 73100, ¥

YIELD STRENGTH
‘GREEN HOT COIN PRESSURE

ALLOY DENSITY 30 KSI 60 KSI 90 KSI =

ALCOA MASS 70 66900, 68300, 67650, }‘

ALCOA MASS 80 66750, 67200, 65250, L |
!

ALCOA MA39 70 63800,  64500.  62300. 1

ALCOA MA39 80 61750, 64300, 64300, ;

ELONGATION ’

GREEN HOT COIN PRESSURE

ALLOY DENSITY 30 KSI 60 KSI 90 KSI

ALCOA MASS8 70 18,0 18.0 16.0 L

ALCOA MASS 80 1640 16,0 19.0

ALCOA MA39 70 16.0 16.0 15.0 E :

ALCOA MA39 80 146 16.0 16.0 : ;

NOTCH TENSILE STRENGYH ~ YIELD STRENGTH RATIO .

GREEN HOT COIN PRESSURE
ALLOY DENSITY 30 KSI 60 KSI 0 KSI l
ALCOA MASS8 70 1,37 1.32 1,31 -
ALCOA MASS8 80 1.36 1.28 1.41 ,
}
ALCOA MA39 70 1.26 1.25 1.29 i

ALCOA MA39 80 1.34 1.30 1.29

P
L. .
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TABLE 43

4

INTERACTION OF GREEN DENSITY, HOT COIN
PRESSURE AND ALLOY

)
st
Bonrermen

18 ON TRANSVERSE PROPERTIES
: §I TENSILE STRENGTH
1 GREEN HOT COIN PRESSURE
T ALLOY DENSITY 30 KSI 60 KSI 90 KSI
43 L4 :
d ALCOA MASH 70 73200. 73450,  72150.
: i ALCOA MAS8 80 69600.  70050.  68550.
A ALCOA MA39 70 69200. 71150,  69700.
. ALCOA MA39 80 67200.  71300.  70700.
g i YIELD STRENETH
A 'GREEN HOT COIN PRESSURE
] | ALLOY DENSITY 30 KSI 60 KSI 90 KSI
. ALCOA MASS 70 65300, 64400,  64700.
- E ALCOA MAS8 80 60500, 62450, 59350,
o ALCOA MA39 70 60650, 61700,  59350.
g ALCOA MA39 80 59850. 60950,  61750.
3 ELONGATION
3 l GREEN HOT COIN PRESSURE
E ALLOY DENSITY 30 KSI 60 KSI 90 KSI
3 ALCOA MASS 70 11.0 12.0 9.0
an ALCOA MAS8 80 7.0 6.0 11.0
5 b7 ALCOA MA39 70 4.0 4.0 7.0
. ALCOA MA39 80 540 10.0 5.0
NOTCH TENSILE STRENGTH - YIELD STRENGTH RATIO
- GREEN HOT COIN PRESSURE
. ALLOY DENSITY 30 KSI 60 KSI 90 KSI
| ALCOA MASS 70 o72 .73 .86
: ALCOA MAS8 80 .83 .83 84
il ALCOA MA39 70 .75 .79 .81
: ALCOA MA39 80 .75 71 75
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TABLE 50

EFFECT OF ISOSTATIC AND UNIAXIAL COLD COMPACTING
ON LONGITUDINAL PROPERTIES

TENSILE STRENGTH

ALCOA MASS ALCOA MA39
HOT COMPACTING PRESSURE
30 KSI 60 KSI 90 KSI 30 KSI 60 KSI

UNIAXIAL 74050, 75550. 74300, 74150, 74050,
ISOSTATIC 73300, T4400. 73900, 75800, 75300.

YIELD STRENGTH
ALCOA MASS ALCOA MA39

HOT COMPACTING PRESSURE
30 KS1 60 KSI 90 KSI 30 KSI 50 KSI

UNIAXTAL 66900, 68300, 67650, 63800, 64500,
ISOSTATIC 66850. 68150, 67200. 65450, 64400.
ELONGATION

ALCOA MASS ALCOA MA39

HOT COMPACTING PRESSURE
30 KSI 60 KSI 90 KSI 30 KSI 60 KSI

UNIAXIAL 18.0 18.0 16.0 16.0 16.0
ISOSTATIC 16.0 1640 18,0 15.0 16.0

NOTCH TENSILE STRENGTH - YIELD STRENGTH RATIO
ALCOA MAS8 ALCOA MA39
HOT COMPACTING PRESSURE
30 KSI 60 KSI 90 KSI 30 KSI 60 KSI

UNIAXTAL 1.37 1.32 1.3} 1.26 1.25
ISOSTATIC 1.40 1.31 l.42 1.07 l.14

90 KSI

73250.
74900,

90 KSI

62300,
64500,

90 KSI

15.0
14.0

90 KSI1

1.29
1.21
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TABLE 51

g EFFECT OF ISOSTATIC AND UNIAXIAL COLD COMPACTING

g ON TRANSVERSE PROPERTIES

i

3 TENSILE STRENGTH

5 ALCOA MASS ALCOA MA39
3 HOT COMPACTING PRESSURE

i 30 KSI 60 KSI 90 KSI 30 KSI 60 KSI

3 UNIAXTAL 73200, 73450, 72150,  69200. 71150,

4 1SOSTATIC 70850,  75000.  72450.  71300.  72700.

.

2 YIELD STRENGTH

i

3 ALCOA MASS ALCOA MA39
s HOT COMPACTING PRESSURE

] 30 KSI 60 KSI 90 KSI 30 KSI 60 KSI

3 UNIAXTAL 65300, 64400, 64700,  60650.  61700.

1SOSTATIC 64000,  67850. 64800, 61550, 60450,
ELONGATION

3 ALCOA MAS8 ALCOA MA39
4 HOT COMPACTING PRESSURE

: 30 KSI 60 KSI 90 KSI 30 KSI 60 KSI

;

v UNIAXIAL 11.0 12.0 9.0 440 4.0

3 1SOSTATIC 8.0 7.0 I 840 640 640

E NOTCH TENSILE STRENGTH = YIELD STRENGTH RATIO

3 ALCOA MASS ALCOA MA39

HOT COMPACTING PRESSURE
30 KSI 60 KSI 90 KSI 30 KSI 60 KSI

UNIAXIAL 72 o173 «86 75 79
ISOSTATIC 1.00 «89 1.20 «81 79

e s A oo o
Ry Do, TR £ S R T

rvﬁﬂiw T e R O R TR R T

90 KSI

697090,
69700.

90 KSI

59350.
59400,

90 KSI

7.0
4.0

90 KSI

«81
«90
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TABLE 52

INTERACTIONS OF PREHEAT TIME AND TEMPERATURE
ON QUALITY OF MA58 ALLOY 2" SQUARE HAND FORGINGS
(PROJECT C)

Preheat Preheat Hours
Temp. (°F) 1 5 20
Percent Metal Recovery
' 900 90 78 91
950 91 92 90
1000 93 94 94
Average 91 88 91

Number of Isolated Discontinuities

900 5 2 3
950 2 3 0
1000 4 3 0

NOTES: (1) Cold Pressed to 70% density.
(2) Not compacted at 90 ksi.

Average

86
91
94

90

B !

P T

s




TTORST UIT R TR WAL LTS SLTTNN G PN T T Y X I EST A W SR AT N AT A ST T e 8 TATTIRRE GF R TR U TWT T SRR AEONR LR et e, S

2

% -92-

i L
i TABLE 53 l !
: INTERACTIONS OF PREHEAT TIMEs .
1 PREHEAT TEMPERATURE Y
4 ON LONGITUDINAL PROPERTIES .
: OF ALCOA MASS g
E TENSILE STRENGTH }
g TEMP, TIME (HR) -
- (F) 1 5 20 L
. 900 75700, 76650,  76100.

3 950 76600, 74300, 77200,

4 1000 72900. 76400, 76600,

: YIELD STRENGTH B
3 TEMP, TIME (HR) '
- (F) 1 5 20 g
E ) |
i 900 67450, 68300, 68200, :
i 950 69350. 67650, 69150, ,
4 1000 65450, 69200, 69400, 3
| ELONGATION

; TEMP, TIME (HR) _ &
9 (F) 1 5 20

E 900 14,0 14,0 1640 K
q 950 15.0 16,0 14,0 .
_i 1000 16.0 1640 16.0 ,

: NOTCH TENSILE STRENGTH = YIELD !
: STRENGTH RATIO

1 TEMP, TIME (HR) ||
: (F) 1 5 20

% 900 1,43 1.34 1,23 i%
950 1.35 1031 102‘0 -
4 1000 1.45 1.34 1,33 ,
i
|
; -
’% [
3 b
4 {
9 ,
| ¥
(-
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TABLE 54

INTERACTIONS OF PREHEAT TIME»
‘PREHEAT TEMPERATURE
ON TRANSVERSE PROPERTIES
OF ALCOA MAS58

TENSILE STRENGTH

TEMP, TIME (HR)

(F) 1 5 20
900 72750 70000, 71450,
950 75250 T2150. 70200,
1000 70450. 73400, 74500,

YIELD STRENGTH

TEMP. TIME (HR)
(F) 1 5 20
900 64000 62300, 63550,
950 65300, 64700, 63250,
1000 61050, 64450, 66400,
ELONGATION
TEMP, TIME (HR)
(F) | 5 20
900 11,0 6.0 7.0
950 11.0 9,0 6.0
1000 12,0 12.0 8,0
NOTCH TENSILE STRENGTH - YIELD
STRENGTH RATIO
TEMP, TIME (HR)
(F) 1 5 20
900 1,09 065 .60
950 093 +86 «58

1000 «86 84 «86
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TABLE 55

INTERACTIONS OF PREHEAT TEMPERATURE, HOT COMPACTING
PRESSURE AND ALLOY ON QUALITY OF 2" SQ. P/M HAND FORGINGS
(PROJECT E)

Preheat
Temp . Hot Compacting Pressure
Alloy (°F) 30 ksi 60 ksi 90 ksi  Avg.
Percent Metal Recovery E
MA 58 900 82 87 86 85 ]
i 950 66 91 100 86 -
1000 88 90 95 91 z
AVERAGE 78 90 94 d
MA39 900 26 84 66 59 1
950 10 78 71 53 J
1000 38 68 79 62
AVERAGE 25 77 72 )
OVERALL AVERAGE 52 83 83 :

Number of Isolated Discontinuities
MA 58 900

950
1000

NO O

MA39 900

950
1000

OO O o

o O

OO w ==
| Sp—

NOTES: (1) Cold pressed to 80% density. B
(2) Preheat for 5 hours.
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INTERACTION OF PREHEAT TEMP,, HOT COIN
PRESSURE AND ALLOY

TABLE 56

ON LONGITUDINAL PROPERTIES

TENSILE STRENGTH

HOT COIN PRESSURE

30 KSI

73650.
74050,
73300,

71600,
74550,

60 KSI

75900.
75300.
74950,

74850,
73550,
76000,

90 KSI

73950.
72800.
73250,

73150,
73100.
74900.

HOT COIN PRESSURE

30 KSI

66100,
66750,
66100.

61750.
64950,

60 KSI

67800,
67200,
68000.

65450,
64300.
67250,

90 KSI

66550,
65250.
65900,

61350,
64300,
65800.

HOT COIN PRESSURE

30 KSI

19.0
16.0
16.0

14.0
16.0

60 KSI

13.0
16.0
18.0

15.0
16.0
16.0

90 KSI

16.0
19.0
16.0

1640
16.0
16.0

TENSILE STRENGTH - YIELD STRENGTH RATIO
HOT COIN PRESSURE

PREHEATY
ALLOY TEMP,
ALCOA MASS 900
ALCOA MASS 950
ALCOA MASS8 1000
ALCOA MA39 900
ALCOA MA39 950
ALCOA MA39 1000
YIELD STRENGTH

PREHEAT
ALLOY TEMP,
AL.COA MAS8 900
ALCOA MASS 950
ALCOA MASS 1000
ALCOA MA39 900
ALCOA MA39 950
ALCOA MA3S 1000
ELONGATION

PREHEAT
ALLOY TEMP,
ALCOA MASS 900
ALCOA MASS 950
ALCOA MASS 1000
ALCOA MA39 900
ALCOA MA39 950
ALCOA MA39 1000
NOTCH

PREHEAT
ALLOY TEMP,
ALCOA MASB 900
ALCOA MASS 950
ALCOA MASS8 1000
ALCOA MA39 00
ALCOA MA39 950
ALCOA MA39 1000

30 KSI

1.31
1.36
1.34

1e34
1.19

60 KSI

1.28
1.28
1.38

1.21
1.30
1.25

90 KSI

1.33
1.41
le41

1.25
1.29
1.20
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TABLE 57

A aerT TEROTOMTY TAYS T TN T LT LTS

INTERACTION OF PREHEAT TEMP.s HOT COIN

PRESSURE AND -ALLOY

ON TRANSVERSE PROPERTIES

TENSILE STRENGTH

HOT COIN PRESSURE

30 KSI

73300,
69600,
68900.

67200,
73450,

60 KSI

72800,
70050,
72150,

73500,
71300,
73150,

90 KSI

71100,
68550,
71200,

70200,
70700,
71200.

HOT COIN PRESSURE

30 KSI

65300.
60500.
60000.

59850,
63300,

60 KSI

66050,
62450,
64300.

62950,
60950.
63550,

90 KSI

63000.
$9350.
62750,

59850.
61750,
60950,

HOT COIN PRESSURE

30 KSI

60 KSI

90 KSI

8.0
11.0
13.0

7.5
5.0
12.0

TENSILE STRENGTH - YIELD STRENGTH RATIO

PREHEAT
ALLOY TEMP,
ALCOA MAS8 900
ALCOA MASB 950
ALCOA MAS8 1000
ALCOA MA39 900
ALCOA MA39 950
ALCOA MA39 1000
YIELD STRENGTH

PREHEAT
ALLOY TEMP.
ALCOA MAS8 900
ALCOA MAS8 950
ALCOA MAS8 1000
ALCOA MA39 900
ALCOA MA39 950
ALCOA MA39 1000
ELONGATION

PREHEAT
ALLOY TEMP,
ALCOA MAS8 900
ALCOA MAS8 950
ALCOA MAS8 1000
ALCOA MA39 900
ALCOA MA39 950
ALCOA MA39 1000
NOTCH

PREHEAT
ALLOY TEMP,
ALCOA MAS8 900
ALCOA MAS8 950
ALCOA MASS 1000
ALCOA MA39 900
ALCOA MA39 950
ALCOA MA39 1000

HOT COIN PRESSURE

30 KSI

.72
«83
9%

1S
o715

60 KSI

«81
.83
«93

o 76
oT1
«81

90 KSI

64
84
oT7

91

7S5
«86
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APPENDIX I - DEVELOPMENT OF METHOD FOR DETERMINATION OF MELTING
TEMPERATURE IN P/M WROUGHT MATERIALS

Sheet and extrusion material in two alloys shown in
Table 1, Appendix I used for identifying P/M melting in solution
treatment was prepared by cold pressing powder to 85% density,
preheating in flowing argon at 900 F for 4 hours, hot pressing
at approximately 90 ksi and extruding or hot pressing. The
sheet material was rolled fr&m a 2" X 2" X 8" section of a hand
forging made from a hot pressed compact (forging prepafed by
hammer forging).. The sheet was prepared by hot rolling from 2"
thick to 0.18" and c¢old rolling to 0.09" thick without inter-
mediate anneals.

Both sheet and éxtrusion samples were solution treated

-at 900 to 1000 F for 2 hours, cold water quenched, naturally

aged 6-7 days and artificially aged 24 hours at 248 F. Trans-

vérse ‘tensile propertiés and metallographic examinations were

t

accomplished 6n these materials to find evidence of the onset

of melting.

RESULTS . AND DISCUSSION

The results of metallographég examination and tensile

property tests of P/M sheet znd extrusions are shown in Table 3

—~

'Appehdix I, for the actual solution heat treat temperatures used.
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The 8.8% 2Zn, 3.4% Mg, 0.5% Cu, 0.76% Fe+Ni alloy (analog to
MA39) reached a strength plateau at 924 F solution temperature
while ductility was improved up to 242 F solution temperature.
X-ray examination for soluble phases showne@ 921 F sufficient
to dissolve all the 2n, Mg, and Cu in MA39 (Table 53, Footnote 4).
Since a companion ingot material in the same alloy showed melting
at 942 F metallographically, this temperature might be excessive
for routine use. ‘Examination of microstructures at 962 F shows
no significanp evidence of melting in the P/M extrusion sample
(shown in Figure 1). Above 962 F, this alloy begins to show
evidence internal porosity similar in appearance to high
temperature oxidation, as shown in Figure 2;, for 981 F. This
process continues at higher temperatures, generating an un-
testable material with a microstructure as shown in Figure 3
at. 1008 F.

The 7.%% 2n, 2.4% Mg, 1.0% Cu, 1.5% Fe+Ni alloy
gives slightly different behavior than the above alloy. At
942 F, the alloy is on a yield strength plateau and at«péak
ductility. This alloy -shows microstructural development at
temperatures Erom 962 to 1008 F somewhat similar to. that shown
in figures 1 to 3+

Since both .alloys show -only modest improvement. ‘in:

strength above 942 F with an accompanying loss in duéﬁility,
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a solution temperature indicated by either a strength plateau
or optimum ductility would brobably be below the solidus of
the §i10y.

It appears that caution in examining microstructures
is necessary. Thé porosity and blistering shown in these
materials could bée generated by adherent moisture or hydrogen
on Al;0, from the powder surface, which was not removed in the

preheat operation (at 900 F for the materials tested). The

dlloy would not have to be molten for this moisture to be

-effective in genérating internal porosity, since gas evolution

from the .entrapped oxide would take place for a solution
témpgxétdge above the preheat temperature. If the preheat
temperature were above the solution treatment temperature,
subsequent solution. treatment could be detrimental to
piopergies‘by‘mgiting without generating internal porosity.
Property ‘tests then have to hold first significance in
determining solution temperature limits. On this basis,

924 F appears to be a reasonableé solution temperature for the
8.8% 2Zn, 3.4% Mg, 0.5% Cu, 0.76% Fe+Ni alloy, while 942 ¥ could

be used for the 7.9% zn, 2.4% Mg, 1.0% Cu, 1.5% Fe+Ni alloy.
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P/M extrusion solution heat treated at 962°F.
Comparable to extrusion. SHT'd at 904°F,
(8.8 zn, 3.4 Mg, 0.5 Cu, 0.8 Fe+Ni)

500X No etch

Figure 1, Appendix I
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; P/M extrusion solution heat treated at 1008°F.
3 Evidence of severe internal porosity comparable

, in appearance to high temperature "oxidation."
¥ (8.8 Zn, 3.4 Mg, 0.5 Cu, 0.8 Fe+Ni)
L 500X No etch

iy Figure 3, Appendix I ’
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APPENDIX II - FABRICATION OF P/M M16 RECEIVER FORGINGS MATERIAL
PREPARATION AND TESTING ,

L

{
~

Extruded 1-7/8" diameter rod was prepared from two
powder alloys (Ma58 and MA39) listed in Table 1 (text) by cold

pressing the powder isostatically to yield a ¢ompact of approx-

eead  nnd

imately 8C% density. The cold -compacts were approximately 7"

diameter X 12" long. These compacts were preheated in flowing

dry argon for 5 hours at 950 F, immediately hot préssed against

a blind die and extrudéed from a 7-1/2" diameter -cylinder to ~}
1-7/8" diameter rod at less than 3 feet pér minute extrusion R
speed.

Sections 6f rod of each alloy were cut to-the required
length as the starting material for the die forging of the M16
rifle lower receiver.

A set of lower receiver fofgings,qf each alloy was L
produced by reheating,thé P/M extruded rod to 820 F, and: forging
on a mechanical press by a three-strike rod-to-finished-forging
continuous sequence. =

The resultant forgings were solution heat treated

(890 F for Ma58, 920 F for MA39) for 2 hours, cold water quenched,

naturally aged 6 days, and artificially aged 24 hours at 250 F.

ASTECAT AT S A D SER A ST

The forgings were etchéd after aging for observing

microstructure and crack detection. The forgings were initially

At
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immersed in a 5% NaOH solution at 140 F, water rinsed, immersed
in a 50% nitric a¢id solution, water rinsed and air blast dried.
Sections of aged extrusions were exposed to the
MASTMAASIS accelerated exfoliation test. The "as forged"
surface and a surface 0.090" below the "as forged" surface

were exposed for one week.

RESULTS AND DISCUSSION

Examination of the M16 lower receiver forgings showed
considerable évidenCe of surface recrystallization in the pieces
of MA58 alloy, and some evidence of surface recrystallization
in selected portions of the~MA39 forgings, as seen in Figures 1
and 2, Appendix II. Sections shown in Figures 3 and 4 show the
extent of recrystallization below the surface in the receiver
ring section (upper) and trigger guard strut section (lower)
for MA58 (Figure 3 Appendix II) and MA39 (Figure 4 Appendix II).
The sample locations can be seen as a faint dashed line in
Figure 2 Appendix II on the P/M MAS8 alloy forging.

The MAS58 alloy forging (Figure 3 Appendix II) shows

a considerably deeper recrystallized skin at both sample locations

than does the MA39 alloy forging (Figure 4 Appendix II). The
0.8 Co in MA39 appears to hinder recrystallization, probably
by nucleation control, judging from the large recrystallized

grain sizes evident in the MA39 forgings.
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The results of MASTMAASIS exfoéliation tests are
shown in Figure 5 Appendix II showing the sections of M16
Receivers exposed for one week. The surface recrystalyiééd
skin was apparently prone to exféliaté in both alloys, while

only the MAS58 forging in this temper showed exfoliation of

the undérlying unrecrystallized metal. The MA39 alloy
forging, when unrecrystallized, appéars resistant to
exfoliation in. this temper (80+ Ksi longitudinal yield

strength ~ Table 57 text).
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- Cross -Section of MAS58 Alloy M16 Lower Réceiver Through the Front
..« .:Receiver Ring. i (2X, Keller's. Etch)
il )
1 .
{ N

1 :'
L‘ Cross Section of MA58 Alloy M16 Lower Receiver Through the .
Trigger Guard Strut. (2X, Keller's Etch) ~

r
Figure 3 = Appendix II
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TABLE 1, APPENDIX III

MA58 ~EFFECT OF GREEN DENSITY ON LONGITUDINAL TENSILE PROPERTIES

__Preheat =~ Hot Coin Forging Code. No. _ T:S.(ksi) Y S AKsE) |
Temp. Time Press. Green Density ~ Green Density Green-Density - [
L£¥)  (Hr) (ksi) 70% 80%  70% 80%  70% 80% {?
900 1 90 El E4 75.8 75.7 67.7 68.0 ,
900 1 90 Bl E4 75.6 74.8 7.2 67.2 |
900 20 90 Hl H4 76.2 73.1 68.0 .  64.9 b
900 20 90 Hl H4 76.0 73.5 68.4 65.2
1000 1 20 E3 ES 70.8 77.8 61.3 °  69.8 |
1000 1 90 E3 ES5 70.1 77.2 60.8 69.2 i
1000 20 0 H3 H5 76.2 74.3 69.0 66.8
1000 20 90 H3 H5 77.0 73.4 69.8 65.9 -1
950 5 30 cl c3 73.8 74.3 66.7 66.8 g
950 5 30 cl c3 74.3 73.8°  67.1 66.7 )
950 5 60 Dl D3 73.4 75.3 64.9 67.5 -
950 5 60 Dl D3 73.5  75.3 3.9  .66.9 E
950 5 90 Al3 B25 75.6 72.8 68.5 65.4 =
950 5 90 al3 B25 73.0 72.8 66.8 - 65.1 "
i
» . Ll
n= 14 14 14 . 14 i
Avg.  74.4 74.6 66.4 66.8 [ ||
$ dev?  56.30 29.61  98.22 28.78 | ||
std dev ' 2.1 1.5 2.7 1.5 )
Student's t = .29 .48 ,
dofe= 26 26 N
P(l) = 4

60% 70% e

proem g
[ER————

Notes (1) P = Probability that difference between averages is significant.
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- "TABLE 'l, APPENDIX III

MAs5g-EFFECT OF GREEN DENSITY ON LONGITUDINAL TENSILE PROPERTIES

Preheat Hot Coin Forging Code No. El (%) NTS (ksi)

3 . Temp. Time Press. Green Density Green Density Green Density
4 (°F) _ (Hr) (ksi) 70% 80%  70% 80%  70% 80%
¢ 900 1 90 El E4 14.0 14.0 97.5 95.0
et T 900 1 90 El E4 14.0 16.0 95.8 96.4
AL 900 20 90 H1 H4 16.0 16.0 82.4 89.6
i 900 20 90 Hl H4 16.0 14.0 85.3 86.8
AN 1000 1 90 E3 ES5 10.0 16.0 94.4 91.5
2L 1000 1 90 E3 E5 14.0 16.0 95.5 96.7
§ 1000 20 90 H3 H5 16.0 16.0 92.9 90.3
A 1000 20 90 H3 H5 16.0 18.0 92.4 88.8
AR 950 5 30 - c c3 16.0 14.0  91.4 90.4
d 950 5 30 cl c3 20.0 18.0 91.9 91.0
N 950 5 60 Dl D3 14.0 16.0 88.4 89.1
| 950 5 60 Dl D3 10.0 16.0  91.9 82.7
10 950 5 90 al3 B25 16.0 18.0 89.8 91.5
10 950 5 90 al3 B25 16.0 20.0 88.6 92.0
o - ~ n= 14 14 14 14
| avg 14.8 16.3 91.3 90.8
A % dev®  85.72 38.86 223.60 176.67
i std dev 2.57 1.73 4.15 3.69
3 Student's t = 1.81

) d.£. = 26

. p(') = >95%

3 Notes (1) P = Probability Difference.
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TABLE 2, APPENDIX III 1

MAS8-EFFECT OF GREEN DENSITY ON TRANSVERSE PROPERTIES

Preheat Hot Coin Forging Code No. T.S. (ksi) . Y.S.(ksi) . P

Temp. Time Press. Green Density Green Density Green Density
(°F)  (Hr) _(ksi) 70% 80%  70% 80%  70% 80%
900 1 90 El E4 73.7 74.1 65.0 65.2
900 1 90 Bl E4 71.8 74.5 63.0 65.1
900 20 90 H1 H4 71.2 69.6 63.5 60.6
900 20 90 H1 H4 71.7 68.9 63.6 61l.1
1000 1 90 E3 E5 70.8 70.7 61.3 62.0
1000 1 90 E3 ES 70.1 74.8 60.8 65.0 S
1000 20 90 H3 H5 70.1 69.0 66.8 60.7 by
1000 20 90 H3 H5 ~ 74.5  68.6  66.0  59.9 .
950 5 30 cl c3 73.3 70.0 -~ 2 60.6 .
950 5 30 cl c3 73.1 69.2 65.3 60.4 Lo
950 5 60 Dl D3 73.4 69.1 64.9 62.8 C
950 5 60 Dl D3 73.5 71.0 63.9 62.1
950 5 90 Al3 B25 72.3 68.4 64.7 59.5 {‘
950 5 90 al3 B25 72.0 68.7 64.7 59.2 =
R
n= 14 14 13 14 ' }
Avg 72.2 70.5 64.1 6l.7 ;
5 dev®  24.90 68.54  35.17 56.0 : : ;
std dev 1.38 2.30 1.71 2.07 1
Student's t = 2.37 3.26 ‘
dof. = 26 25 TR
P(’"):

98. 5% 99.5% U

Notes (1) To be retested. f
(2) Invalid Test Parameter. )
(3) To be Determined. - ,
(4) P = Probability that difference between averages is significant.
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TABLE 2, APPENDIX III

MAS58~-EFFECT OF GREEN DENSITY ON TRANSVERSE PROPERTIES

o S A AR I iy e,

Y Ly
e e e o € ok B = T I R A

Preheat Hot Coin  Forging Code No. El (%) NTS (ksi)
Temp. Time Press. Green Density Greén Density Greén Density
(°F)  (ar)  _(ksi) 70% 80%  70% BO%  10% 80%

900 1 90 El E4 8.0 12.0 65.6 41.4
900 1 90 El B4 14.0 12.0 73.7 56.0
900 20 90 H1l H4 6.0 6.0 36.4 55.5
200 20 90 H1 H4 8.0 6.0 40.1 42.5
1000 1 90 B3 ES 10.0 8.0 49.8 -7
1000 1 90 E3 ES 14.0 8.0 55.6 54.2
1000 20 90 H3 HS5 - 16.0 60.2 43.8
1000 20 90 H3 H5 8.0 16.0 53.4 51.0
950 5 30 cl C3 14.0 8.0 46.0 48.0
950 5 30 Cl Cc3 8.0 6.0 47.8 51.9
950 5 60 Dl D3 14.0 6.0 44.4 53.4
950 5 60 D1 D3 10.0 6.0 49,3 49.0
950 5 90 aAl3 B25 10.0 8.0 53.9 54.1
950 5 90 al3 B25 8.0 14.0 57.4 46.0
n= 13 14 14 13
Avg 10.2 9.4 52.4 49.8
I dev? 99.70 187.44 1277.04 305.76
std dev 2.88 3.80 9.91 5.05
Student's t =
plv) = Not signif. Not signif.
Notes (1) To be retested.
(2) Invalid Tést Parameter.
{3) To be Determined.
(4) P = Probability that difference between averages is significant.
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TABLE 3, APPENDIX fTII
MA39-EFFECT OF GREEN DENSITY ON LONGITUDINAL TENSILE PROPERTIES
Preheat Hot Coin Forging Code No. _ T.S.(ksi) Y.S8. (ksi) . 1
Temp. Time Press. Green Density Green Density Green Density :
(°F)  (Hr) (ksi) 70% 80% 70% 80% 70% 80%
900 1 90 E6 E8 75.0 73.6  65.3 63.9 2
900 1 90 E6 ES 75.6 73.6 65.7 64.2 o
900 20 90 H6 H8 73.2 74.3 62.8 64.7 : i
900 20 90 H6 H8 72.9 75.4 62.3 65.3 ; 3
1000 1 90 E7 E9 72.7 73.8 63.0 65.4 i
1000 20 90 E7 E9 73.4 75.1 63.3 66.1 1 i
1000 20 90 H7 HO 74.8 75.4 64.8 55.5 j :
1000 20 90 H7 HO 76.4 75.5 66.7 66.6 ;
950 5 30 c5 c7 74.0 72.1 63.4 62.5 -1 :
950 5 30 c5 c7 74.3 71.1 64.2 61.0 w} ;
950 5 60 D5 D7 73.7 73.3 64.0 64.0 ;
950 5 60 D5 D7 74.4 73.8 65.0 64.6 - b
950 5 90 Al4 B26 73.6 73.1 63.6 63.6 hj i
950 5 90 ala B26  72.9 — 1 61.0 65.0 i
11
n= 14 13 14 14 —
avg  74.06 73.8 63.94 64.5 - :
Z dev® 15.60 20.96  28.84 30.53 :
std dev 1.10 1.32 1.49 1.53 i
L]

Notes (1) Invalid Test Parameter. ;
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TABLE 3, APPENDIX III

MA39-EFFECT OF GREEN DENSITY ON LONGITUDINAL TENSILE PROPERTIES

Preheat Hot Coin Forging Code No. ELl (%) NTS (ksi)
Temp. Time Press. Green Density Green Density Green Density
(F)  ur) (ksi) 70% 80%  70% 80%  70% 80%

900 1 90 E6 E8 16.0 12.0 82.9 83.8
900 1 90 E6 E8 16.0 14.0 80.5 52.8
900 20 90. H6 E8 15.90 15.0 78.2 80.5
900 20 90 Hb6 H8 15.0 15.0 75.4 70.4
1000 1 90 E7 E9 16.0 16.0 78.9 85.6
1000 20 20 E7 E9 16.0 16.0 79.2 84.9
1000 20 90 H7 H9 15.0 14.0 74.2 74.1
1000 20 90 H7 H9 14.0 14.0 72.8 74.1
950 5 30 cs c7 16.0 14.0 78.2 82.1
950 5 39 c5 c7 16.0 14.0 80.2 83.4
950 5 60 D5 D7 16.0 16.0 80.3 82.5
950 5 60 D5 D7 16.0 16.0 80.7 84.7
950 5 90 al4 B26 16.0 16.0 80.3 84.2
950 5 90 al4 B26 14.0 16.0 80.3 81.8
n= 14 14 14 14
Avg 15.5 14.9 78.7 78.9
z dev? 7.5 19.72 101.58 1020.61
std dev .76 1.23 2.80 8.86

Student's t = 1,55
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1 TABLE 4, APPENDIX III
E MA39-EFFECT OF GREEN DENSITY ON TRANSVERSE TENSILE PROPERTIES
E Preheat Hot Coin Forging Code No. _ T.S.(ksi) . ¥.S.(ksi)
: Temp. Time Press. Green Density Green Density Green Density
. (°F)  (Hr) (ksi) 70% 80%  170% 80%  70% 80%
900 1 90 E6 E8 73.2 71.5 63.0 59.6
900 1 90 E6 D8 74.1 70.2 64.2 58.9 :
900 20 90 H6 H8 72.0 71.1 62.1 61.9 [
900 20 90 H6 H8 -— 1 71.3 61.1 61.4 :
1000 1 90 E7 E9 71.6 73.4 60.8 62.6
1000 1 90 E7 E9 72.6 73.5 61.8 62.4 :
1000 20 90 H7 H9 73.1 72.4 63.7 60.9 [z
1000 20 90 H7 H9 73.7 72.3 63.8 61.4 -
950 5 30 cs c7 68.8 70.0 60.2 58.7 -
950 5 30 c5 c7 69.6 -1 6l.1 64.8 [i
950 5 60 D5 D7 70.4 71.3 61.4 61.2 -
950 5 60 D5 D7 71.9 -- 1 62.0 60.7 -t
950 5 90 al4 B26 70.4 69.0 59.7 61.5 {ﬁ
950 5 90 ala B26 69.0 72.4 59.0 62.0 - i
4
n= 13 12 14 14 Lo
Avg 71.6 71.5 61.7 61.3 R
£ dev®  38.21 20.32 31.81 32.0
std dev 11.78 1.36 1.56 1.57 .
Notes (1) tnvalid Parameter. i .
i
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TABLE 4, APPENDIX III
MA39-EFFECT OF GREEN DENSITY ON TRANSVERSE TENSILE PROPERTIES

Preheat Hot Coin Forging Code No. El (%) NTS (ksi)
L Temp. Time Press. Green Density Green Densigz Green Density
4 (°F) (Hr) (ksi) 70% 80%  70% 80%  70% 80%
S 900 1 20 E6 E8 10.0 12.0 59.0 65.3
8 900 1 90 E6 E8 6.0 10.0 49.8 52.8
AN 900 20 90 H6 H8 12.0 6.0 28.5 41.2
1 900 20 90 H6 H8 . 6.0  29.3 41.0
- 1000 1 90 E7 E9 10.0 8.0 44.3 52.5
108 1000 1 90 E7 E9 10.0 8.0 45.2 53.3
g 1J 1000 20 90 H7 H9 8.0 9.0 39.7 53.3
: 1000 20 90 H7 H9 8.0 9.0 43.2 47.8
- 950 5 30 cs c7 4.0 8.0 47.2 47.2
- 950 5 30 c5 c7 4.0 -- 1! 43.4 42.4
2 950 5 60 D5 D7 4.0 10.0 51.0 44.1
- 950 5 60 D5 D7 4.0 -~ 1 46.8 42.8
! 950 5 90 Al4 B26 10.0 4.0  44.2 43.6
‘A 950 5 20 Al4 B26 4.0 6.0 52.5 48.0
i+
A
2l - n= 13 12 14 14
. Avg 7.2 8.0 44.6 48.2
i £ dev® 108.31 54.00 870.7 586.88
| L std dev 3.00 2.21 8.18 6.72
| Student's t = .75 1.27
3 {' P = <80% <90%

Notes: (1) Invalid Parameter.
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